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A BSTR A CT
Fundulus olivaceus and E- euryzonus are sister species that commonly occur
syntopically in the Amite and Tangipahoa River drainages in Louisiana and Mississippi.
Although the habitats of the two species are quite similar, and the timing of their
reproductive activity overlaps extensively, no natural hybrids between them have been
documented. I examined physiological, as well as behavioral, factors that could
potentially serve as effective isolating mechanisms between them.
The courtship and spawning behaviors of the two species were relatively
generalized and showed a number of similarities. Under forced mating conditions in
which females were allowed to associate with heterospecific males only, hybrids from
reciprocal crosses were produced, and hatchlings grew at rates similar to rates of
hatchlings from conspecific matings. Ft hybrids were fertile and produced F2hybrid
hatchlings that also grew as well as conspecific hatchlings. Although both combinations
o f parental types produced hybrid offspring, fertilization success was significantly lower
in crosses involving E- euryzonus females and E- olivaceus males. Additionally, eggs
produced form that same combination hatched less successfully than eggs from either
the other heterospecific combination or the two conspecific combinations. In laboratory
experiments, the observed frequency of spawning sites was non-random for both E.
euryzonus and E. olivaceus pairs. Fundulus euryzonus pairs tended to spawn in fastermoving water (mode = 10 cm sec*1) than E- olivaceus pairs (mode = 1.4 cm sec*1).
Examination of mate preference revealed that although E- olivaceus females were not
more likely to spawn with conspecifics, a significantly higher proportion of Eeuryzonus females spawned with conspecific mates. Reproductive isolation between Eolivaceus and E- euryzonus is probably maintained in nature by a combination of
behavioral (mate preference and spawning site selection) and ecological (small-scale
distributional patterns) factors.

vii
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CHAPTER 1
INTRODUCTION
Evolutionary biologists have long been interested in reproductive isolation
between closely related species. In fact, according to Mayr's (1942) definition of
species —referred to as the biological species concept (BSC) —reproductive isolation
between groups of organisms was the embodiment o f the definition. Since the proposal
of the BSC, other species concepts have been put forth including the evolutionary
species concept (Wiley, 1978) and the recognition concept (Paterson, 1985). These
alternative concepts were in part a response to criticisms o f the BSC’s lack of
applicability to some plants and other asexually reproducing organisms. In spite of
these additional concepts, however, reproductive isolation is still considered by many
biologists to provide the best criterion for recognition of species boundaries in sexually
reproducing organisms (Coyne, 1992). Regardless of how one defines species, the
limitation of gene exchange between populations as a result o f geographical,
physiological, ecological, or behavioral factors allows for separate evolutionary
trajectories and thus must be considered an important factor in speciation.
As a result of the vast improvements in molecular techniques over the past 15
years, many researchers have undertaken the task of identifying genetic differences
among closely related species as well as among populations within a single recognized
species. Many of these studies have revealed previously unrecognized characteristics of
the genetic makeup of organisms that either confirmed the cohesion of recognized taxa
(Marsden et al., 1995; Browne et al., 1996; Zink et al., 1996) or, more frequently,
identified differences resulting from reproductive isolation among populations
(Bermingham and Avise, 1986; Cashner et al., 1988,1992; Stobart and Benzie, 1994;
Taylor and Bentzen, 1993; Bemachez, 1996). Although these techniques are well suited
for identifying such differences, many aspects of an organism's biology must be known
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to identify specific mechanisms by which populations maintain reproductive isolation,
particularly when dealing with taxa that consistently occur sympatrically. Only after
these mechanisms have been identified can one begin to understand how they evolved.
This becomes critical for investigations concerning the reinforcement of reproductive
isolating mechanisms and the resulting reproductive character displacement
hi freshwater fishes, interspecific as well as intergeneric hybridization is fairly
common (Hubbs, 1955; Trautman, 1981). In many cases, it is the result o f accidental
union of sperm and egg from different species. This is especially true for the cyprinids
(minnows and carps) in which individuals of several species can be observed spawning
over small gravel nests constructed by one of the larger species (Raney, 1947; Johnston,
1994a, 1994b). Occasionally however, the mate recognition system is imperfect and
actual mating clasps between males of one species and females of another are observed
(Gleason and Berra, 1993). Whether accidental or the result of mismating,
hybridization is often influenced by environmental factors, especially the availability of
suitable spawning habitat. Hybridization in the family Centrarchidae (sunfishes) is often
attributed to this phenomenon (Hubbs, 1955). In habitats where gravel substrate
(preferred nesting substrate) is extremely limited, individuals of several species are
forced to construct nests in close proximity to one another. This can result in both the
accidental union o f gametes as well as actual mismatings. Another important
environmental factor seems to be the intermediacy of habitats, whether caused by natural
means or anthropogenic ones (Hubbs, 1955; Hewitt, 1989). Often species that
normally occupy distinct habitats and seldom come into contact with one another occur
in marginal habitats that are at least suitable (though not preferred) for both species. If
mate recognition mechanisms are not strong, hybridization may occur.
Although hybridization in freshwater fishes is common, substantial retrogression
o f genetic material across species boundaries is less frequent (Meagher and Dowling
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1991). Often the amount of introgression between species that are known to hybridize
is inferred from the analysis of morphological (Gilbert et aL, 1992) or biochemical
characters (Dowling and Moore, 1984,1985; Duggins et aL,1995). These techniques
allow for investigations of how often or to what extent hybridization occurs. However,
if reproductive isolation between two taxa is accomplished via pie-mating mechanisms,
morphological or biochemical techniques cannot address which isolating mechanisms
are operative. For example, if two taxa cross-mate but no hybrid eggs survive,
examination of molecular or morphological variation cannot distinguish this scenario
from a situation in which two taxa never cross-mate. Thus if isolation is thought to be
complete, or nearly so, these methods provide little if any information on the specific
mechanisms by which it is maintained. In the past, a more holistic approach was taken
to identifying reproductive isolating mechanisms between closely related species (e.g.,
Fitzsimons, 1976; Bartnik, 1970; Liley, 1966). These studies usually included several
factors, including ecological differences as well as behavioral ones. With the relatively
recent advent of molecular techniques, the emphasis seems to have shifted to merely
identifying genetic differences without giving much regard to how the differences came
about (but see Gleason and Berra, 1993). My research was an effort to identify specific
factors involved with the reproductive isolation between Fundulus olivaceus and £ .
euryzonus. two species of topminnow in the family Fundulidae.
The ecology and reproductive biology of several species in the genus Fundulus
have been well studied. Although hybridization between species in this genus has been
shown to occur under laboratory conditions (Hubbs and Drewry, 1960; Drewry, 1962;
Thomerson, 1966; Cuca, 1976), hybridization in nature appears to be less common than
in other groups of freshwater fishes (e.g., cyprinids, catostomids, and centrarchids)
(Hubbs, 1955). I believe this is due partly to certain aspects of the reproductive biology
o f the genus Fundulus. For example, although some species are territorial in the
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classical sense, most do not construct nests and frequently do not defend specific
territories for spawning (Foster, 1967). Often, eggs are spawned singly and either
deposited on submerged vegetation and other debris or buried in the substrate. Because
specific materials are not needed for nests, and spawning is not necessarily on a specific
substrate type, overcrowding in spawning areas is lessened due to the abundance of
suitable spawning sites. Since eggs are spawned one or two at a time, the chance union
of gametes from different species is greatly reduced. Additionally, many species of
Fundulus have fairly elaborate courtship displays, a trait which probably results in a
more sophisticated mate recognition system than is present in the cyprinids and
catostomids. Thus, when a number of species are spawning in the same area,
individuals are more likely to spawn with conspecifics in response to ritualized
behavioral patterns that are species specific.
Fundulus olivaceus and E- euryzonus are sister species (Tatum et aL, 1981;
Cashner et al., 1992) that occur together in the Tangipahoa and Amite River drainages in
Louisiana and Mississippi (Laiche, 1980; Suttkus and Cashner, 1981; Pedfils, 1986;
Blanchard, 1996) (Figure 1.1). Although they have a high degree of overlap in meristic
characters, they are easily distinguished from one another by the width of the lateral
stripe (Suttkus and Cashner, 1981). Additionally, E. euryzonus males lack the vertical
extensions along the lower surface of the lateral stripe that are present in male Eolivaceus. There also are slight differences in dorsal coloration as well as in
pigmentation of the dorsal, caudal, and anal fins, although these differences are much
less quantifiable. Although these two species are quite similar in appearance, a number
of genetic studies have indicated that the two are distinct species (Howell and Black
1981; Tatum et al., 1981; Wiley, 1986; Cashner et al., 1992). Both species occur in
small streams as well as in large rivers where they typically inhabit stream margins and
generally remain near the surface. They feed primarily at the surface but are known to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 1.1. Ranges of Fundulus olivaceus and F. euryzonus.
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use a variety of prey types (Petiffls, 1986; Thomerson and Wooldridge, 1970).
Although E- olivaceus also occurs in lentic environments such as ox-bow lakes, ponds,
and man-made reservoirs, E- euryzonus appears to be restricted to lotic environments.
Despite the close phylogenetic relationship and similarities in habitat use between
E- olivaceus and E- euryzonus. no natural hybrids between the two have been reported.
This is surprising given that E- olivaceus is known to hybridize occasionally with Enotatus (the sister species to the E- olivaceus - E- euryzonus clade) in areas where they
co-occur (Braasch and Smith, 1965; Thomerson, 1966,1967; Setzer, 1970; Howell and
Black, 1981). Reproductive isolation between E. olivaceus and E. notatus is thought to
be maintained as a result of large-scale differences in habitat use so that they usually do
not occur at the same place at the same time (Thomerson, 1966). In addition to being
sympatric in the two river systems where E- euryzonus occurs, Fundulus olivaceus and
E- euryzonus are frequently collected syntopically (Suttkus and Cashner, 1981; Petifils,
1986; Laiche, 1981; Blanchard, 1996). Thus reproductive isolation between Eolivaceus and E- euryzonus cannot be explained by limited co-occurrence o f the two
species. In a previous study (Blanchard, 1996), I showed that there were differences in
microhabitat use between the two species. Fundulus eurvzonus typically occurred in
areas of the stream where there is significant water movement, abundant overhanging
cover, relatively steep or undercut banks, and a large amount of submerged debris
(roots, stumps, branches, etc.). In contrast, E. olivaceus was often abundant in two
types of microhabitat. It was common in backwater pools that were largely separated
from the main creek channel. Here there was abundant emergent vegetation, little water
movement, and little or no canopy. Fundulus olivaceus was also quite common in
shallow water (sometimes swifdy flowing) near sand bars and open sandy banks. Here
though, individuals appeared to be much smaller than those occurring in the previously
described habitat. Although there were distinct differences in habitat use between the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

7

two species, the frequency of mixed collections suggested that adults frequently were
coming into close contact
The seasonal patterns of reproductive activity (as inferred from the number o f
mature eggs found in ovaries) in E- olivaceus and E- euryzonus are almost identical
(Blanchard, 1996). In both species, mature eggs become discernible in March and reach
a maximum in size and number in May. By September, no mature eggs are found in the
ovaries. If actual spawning activity coincides reasonably well with the condition of
oocyte development, it is clear that a seasonal difference in reproductive activity does not
serve as an effective isolating mechanism between the two species.
In the present study, I address several factors that could potentially influence the
reproductive isolation between E- olivaceus and E- euryzonus where the two occur
syntopically. In Chapter Two, I present studies that were designed to determine: (1) if
hybridization between E- olivaceus and E- euryzonus can occur under laboratory
conditions; (2) if fertilization success between heterospecific pairs is different from that
between conspecific pairs?; (3) if the hatching success of hybrid eggs is different from
the hatching success of non-hybrid eggs?; and (4) if the growth rates of hybrid
hatchlings are different from the growth rates of non-hybrid hatchlings? Chapter Two
also presents results of tests designed to determine the fertility of hybrids as well as
fertilization success, hatching success of F2 eggs, and growth rates of F2 offspring.
Chapter Three deals with the courtship and spawning behaviors of E. eurvzonus
and E- olivaceus. The reproductive behavior o f E- eurvzonus has not been examined
previously. However, there have been at least two reported descriptions of courtship
behavior for E- olivaceus (Foster, 1967; Baugh, 1981). In this chapter, I provide a
detailed description of the courtship and spawning behavior of E- eurvzonus as
observed in the field and in the laboratory. I use these descriptions for comparison with
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accounts of reproductive behavior in £ . olivaceus to evaluate the role o f courtship
behavior in reproductive isolation between the two species.
Chapter Four is an experimental evaluation of the role o f courtship and spawning
behavior on reproductive isolation. This study uses the choice by females to mate or not
mate with conspecifics as well as heterospecifics to determine if some type of short
range cue (behavioral, physical, or possibly chemical) allows individuals to recognize
and ultimately choose members o f their own species as mates.
hi Chapter Five, I investigate the importance of spawning site selection as a
potential factor in reproductive isolation between £ . olivaceus and £ . euryzonus. Earlier
laboratory observations suggested that the two species might be choosing different
spawning sites on the basis of current velocity. 1 used an artificial stream to quantify
current velocity at chosen spawning sites to test the null hypothesis o f no differences
between species in the distributions of spawning events across current velocities.
Fishes for laboratory studies were collected from several locations along the East
Fork of the Amite River in Amite County, Mississippi, and from the main channel of the
Amite River in East Feliciana Parish, Louisiana. Fundulus olivaceus and E- euryzonus
regularly occur syntopically throughout these areas and were relatively abundant at most
collection sites. Fishes were collected primarily by seining (3.2 m, 6.4 mm mesh) but
were also collected frequently with dipnets along the margins o f these rivers. They were
held in either 19-liter buckets or 45-liter coolers and transported to the aquatic facilities at
the Museum o f Natural Science at Louisiana State University in Baton Rouge. Most
collections were made during the spring and summer months o f 1994 and 1995.
Generally, fishes collected between April and July displayed some aspects of
reproductive behavior immediately upon being placed into laboratory aquaria.
Specimens collected earlier usually required a period of two to three weeks and frequent
feeding before displaying reproductive behavior. In the laboratory, fishes were held in
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75 L aquaria (76 x 30 x 32 cm) filled with aged tapwater. Filtration was provided by
undergravel filters, and the substrate was small pea graveL Strands o f forest green yam
approximately 10 cm in length attached to the underside o f plastic petri dishes (nine cm
in diameter) were anchored in the gravel to provide fish with adequate cover during the
acclimation period. Normally, 10-15 individuals were housed in each aquarium. The
two species were housed separately and males and females were isolated from one
another until experiments were initiated. Water temperature remained relatively constant
throughout the study period (22-24° C), and overhanging fluorescent lighting provided a
light:dark cycle of 16:8 hrs. Fishes were fed daily a combination of frozen brine shrimp
nauplii fArtemia sp.), chironomid larvae, mosquito larvae, and commercial flake food.
An acclimation period of one week was allowed before experiments were begun. Upon
the completion of the study, fishes were either released back into the streams from
which they had been collected or preserved as voucher specimens and catalogued into
the collection of fishes at the Louisiana State University Museum of Natural Science.
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CHAPTER 2
A COMPARISON OF THE COURTSHIP AND SPAWNING BEHAVIOR
OF F U N D U L U S OLIVACEUS AND F. EURYZO NUS
The reproductive behavior o f many fundulid fishes has been well studied (Foster, 1967;
Baugh, 1981; Kaufinann and Lynch, 1991; Kinney and Lynch, 1991; Shute et aL,
1983; Taylor and Burr, 1997). Their small size, resilience to a broad array of physical
and chemical conditions, and willingness to accept a variety of food items make them
well suited for laboratory studies on courtship and spawning behavior. In nature, they
are often abundant in a variety of habitats including small bodies o f water such as
springs, ponds, and shallow creeks which are often easily accessed by humans. Most
species of fundulids are morphologically adapted to life at the surface (flattened dorsal
surface, upturned mouth, eyes high on the head, dorsal fin placed far back on body)
where they spend the majority of time. Consequently, they are often easily visible from
the bank. These characteristics also make the topminnows and killifishes appropriate for
field studies of behavior.
Foster (1967) provided an extensive review of the reproductive ecology
(including behavior) of the killifishes in addition to original observations o f many
Fundulus species. Most if not all species of Fundulus spawn between April and
August Males o f some species defend discrete territories during the reproductive
season (e.g., £ . waccamensis. £. diaphanus. £ . lineolatusi. but males o f most defend
females that may be moving over rather large distances. Spawning usually occurs in
relatively shallow water and among emergent or submerged vegetation and other debris.
Courtship in this genus ranges from fairly elaborate to somewhat subtle displays, but
there are a number of specific behaviors that are shared by all species. The dark-striped
topminnows, a group which includes £. olivaceus and £ . eurvzonus. as well as £.
notatus. seem to have less elaborate courtship displays than some of the other species of

10
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Fundulus. Although E- olivaceus and E- notatus are known to hybridize in some areas
where they occur together, M oore and Paden (1950) collected courting pairs of both
species at several locations along the Illinois River but found no heterospecific pairs.
This suggests that behavioral differences between the two might be a factor in
reproductive isolation.
In this chapter, I provide detailed descriptions of the courtship and spawning
behavior of E- euryzonus in the field as well as under laboratory conditions. The
purpose of these descriptions was two-fold. First, much of the biology (especially
behavior) of E. euryzonus is unknown. Because of the restricted range of the species, it
is listed as a species of special concern in Louisiana and Mississippi, and information on
its ecological requirements will be useful if its conservation becomes a priority. In
addition to providing basic information on a seldom studied species, observations on the
reproductive behavior of E- euryzonus allowed comparison to reported accounts o f the
reproductive behavior of E- olivaceus. Thus, the influence that differences in courtship
and spawning behavior between the two species have on reproductive isolation could, to
some extent, be evaluated.
M aterials an d M ethods
Behavioral observations of E. euryzonus in the field were made periodically at
several locations along a 0.5 km stretch of the East Fork of the Amite River in Amite
County, M ississippi, from April to July in 1995 and 1996. W ater clarity at these sites
was relatively good, especially after long periods with reduced rainfall. Because Eeuryzonus spends most of its time at or near the surface and close to the margins o f the
stream, I was able to observe specific individuals for extended periods. I observed and
recorded courtship and spawning behavior as well as non-reproductive social
interactions from the bank with the aid of polarized sunglasses, binoculars, and a hand
held audio cassette recorder.
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Individuals used for laboratory observations of courtship and spawning were
collected from several locations along the East Fork of the Amite River in Amite County,
Mississippi, and from the main channel o f the Amite River in East Feliciana Parish,
Louisiana. As with the hybridization experiments, two to four females were placed into
an observation tank (75 L) that contained spawning substrate (fibrous root mats and
spawning mops). Each group of females was allowed to remain in the observation tank
for 12 hours before a male was introduced. Observations were made for one hour
following the introduction of a male and were recorded on an audio cassette recorder.
Some of the trials were also recorded with a High 8 video camera to more closely
inspect specific behaviors. After each observation period, eggs were removed, and
placed singly into vinyl containers to harden for 24 hours. Fertilized eggs were
measured to the nearest 0.1 mm with a standard dissecting microscope with an ocular
micrometer, placed separately into compartments of ice cube trays, and allowed to
incubate at 22-24° C. Water in the trays was replaced with aged tapwater daily to inhibit
fungal growth. Several eggs were photographed at various intervals with a Nikon
N2020 and a Volpi 3600K light source with polarizing filter mounted on a LEICA MZ8
dissection microscope to document the progression of development until hatching.
Hatchlings were monitored until the yolk sac was entirely absorbed, at which time total
length (TL) was measured with a dissection microscope.
R e su lts
Thirteen distinct motor patterns involved in social interactions in £ . euryzonus
were identified and are described below. Several of these motor patterns are
characteristic of both agonistic encounters and courtship displays.
Approach:

Male or female swims rapidly toward conspecific
entering immediate area (Figure 2.1 A).
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Flashing:

Male or female quickly erects medial fins while
positioned lateral to male or female (Figure 2.2A). Flashing
during agonistic encounters often included the expansion of the
gular region and opercular cover (Figure 2.2B).

Waggle:

Male or female positioned laterally to conspecific
moves head and caudal region in side-to-side motion while
erecting medial fins and expanding throat area (Figure 2.3)

Bite:

Male or female directs bite at flank of male or female
opponent during agonistic encounters. Usually follows 2-3
seconds of waggling.

Chase:

Male or female pursues defeated opponent for short
distance (1-3 meters). Often follows biting but may occur at any
point subsequent to the initial approach.

Lateral swim:

Male swims lateral to, and slighdy forward of, female while
orienting into current (Figure 2. IB).

Crossing:

Male swims in an arc in front of female while flashing. Crossing
is initiated from the lateral swim position and usually results in a
lateral swim on the other side of the female (Figure 2. IB).

Head-dipping:

Male swims forward while lowering and raising
head and anterior portion of body. This movement occurs most
often while crossing and is usually simultaneous with flashing
(Figure 2.4).

Leading:

Male swims below surface in front of female. Usually
follows 1-2 minutes of dipping and flashing while female is at the
surface and near spawning substrate (Figure 2.1C).
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Figure 2.1.

Components of the reproductive behavior of F. eurvzonus.
(A) Initial approach by male; (B) Lateral swim and
crossing by male; (C) Leading by male; (D) Following
by male; (E) Spawning.
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B

Figure 2.2.

Flashing in F. eurvzonus. (A) Dorsal and anal fins are
erected. This display is common in agonistic encounters
as well as courtship; (B) Medial fins are erected and throat
region is expanded. Usually only seen during agonistic
encounters.
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Figure 2.3.

Waggling in F. eurvzonus.
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Figure 2.4.

Head-dipping in F. eurvzonus.
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Searching:

Female swims among submerged debris (roots,
stumps, branches) and occasionally orients snout toward
substrate.

Following:

Male swims closely behind and usually slightly above
female while contacting her with his ventral surface. This usually
occurs while female is searching (Figure 2. ID).

J-shaping:

Female presses abdomen against spawning substrate and points
tail region away from substrate.

Spawning:

Male moves alongside female and 'J' shapes while
pressing female's abdomen against the spawning substrate (Figure
2. IE).

Territorial and agonistic behavior.—Unlike some other species of Fundulus (Ewaccamensis. £ . diaphanus). E- euryzonus did not defend specific territories. Both
males and females moved considerable linear distances along the shoreline throughout
the course of a given observation period, and several individuals were usually present
within a relatively small area. Females tended to range over larger distances than males,
but there was considerable individual variation in movement among both females and
males. Although E- euryzonus was not territorial, males and females maintained inter
individual distances of two or more body lengths when courting behavior was at a
minimum. Agonistic encounters most often involved short chases immediately
following an initial approach by the aggressor. Chases occasionally covered distances
of more than two meters but usually were abandoned after less than one meter. The
outcome of agonistic encounters depended primarily on size, although sex also played a
role. Large males were dominant over smaller males and females o f roughly the same
size. Females, however, often chased smaller males. Encounters involving individuals
of equal size and usually the same sex often included flashing. If one individual did not
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retreat within a few seconds, one or both individuals began to waggle. Pairs exhibiting
flashing or waggling were usually oriented in a head-to-tail position but occasionally
faced the same direction. Waggling usually lasted less than five seconds and ended
when one individual retreated or when one or both individuals directed a bite near the
anal fin or the side of the opponent Biting usually ended the encounter as one
individual fled the area while being chased by the other. Occasionally, however, the
two fish continued the flashing- waggle-bite sequence for up to 30 seconds. On one
occasion, two individuals engaged in an extended interaction slowly moved below the
surface while displaying the above sequence. When the fish were again visible, one fish
chased the other out of the area. Inter-individual distances seemed to change in response
to reproductive motivation. Females were aggressive toward other females and smaller
males during feeding but became much less aggressive while being actively courted by a
male. Males, on the other hand showed less aggression toward other males if a female
was not in the immediate area. While courting, however, males often broke contact with
females to chase other males from the area.
Courtship and spawning behavior.- I observed 15 complete spawning events
over the course of 32 hrs of field observations. Many more spawning sequences were
initiated, but they were interrupted by either agonistic behavior (usually among males) or
a fleeing response by the female. Courtship and spawning occurred primarily during
mid to late morning (0930-1100 hrs); however, reproductive activity was observed
occasionally in late afternoon (1600-1800 hrs.) Individual males or females did not
spawn repeatedly at a single site; instead, spawning was distributed among several sites
within a relatively large area. Most spawnings were on submerged structures (logs or
roots) covered at least partially with filamentous algae, and located away from the bank.
One pair spawned on a submerged branch entirely devoid o f algae. Spawning also was
observed along the slightly undercut bank in shallow water (< 15 cm) among fibrous
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root mats. No spawnings were on the sand/silt substrate, and neither males nor females
provided parental care to newly spawned eggs.
Male and female E- euryzonus ranged over quite large areas while foraging, and
males courted any female that came within about half a meter. The courtship sequence
usually began with an approach by the male. Unreceptive females usually retreated
quickly out of the area. Females receptive to the initial approach remained relatively
stationary while orienting into the current The male then positioned himself lateral to,
and slightly in front of, the female while swimming in place against the current (lateral
swim). If the female did not retreat the male crossed the female and erected his dorsal
and anal fins (flashing). Lateral swimming and crossing continued until the male had
guided the female toward an appropriate spawning area. The initial approach and
guiding behavior occurred at the surface and primarily in areas with flowing water
(between 5 and 16 cm sec*1).
Once the female was within the spawning area (near stumps and roots), the male
continued to flash, occasionally head-dipped, and swam back and forth in front of the
female. Because of the angle of observation in the field, the frequency o f head-dipping
was difficult to ascertain but seemed to occur more frequently when the female was near
spawning habitat If the female remained at the surface in the spawning area, the male
would then lead her by swimming below the surface and among submerged structures.
Often the female did not follow the initial lead by the male. If the female failed to
follow, the male returned to the surface and began displaying to the female while
swimming back and forth in front o f her. This behavior usually continued for a short
time before the male again led the female below the surface. When the female left the
surface, she rarely followed close to the male but, instead, began searching for an
appropriate spawning surface. Searching by the female initiated following behavior by
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the male in which he swam closely behind and above her and often contacted her with
his pelvic fins and ventral surface (Figure 2.1D).
Occasionally, the female nipped the substrate in the vicinity o f the eventual
spawning site. Nipping behavior, however, was infrequent, and spawning usually did
not immediately follow. Following by the male continued until the female located an
appropriate spawning site at which time she exhibited the J-shape behavior and pressed
her abdomen directly on the substrate. The male then sidled alongside the female, Jshaped, and pressed his abdomen firmly against the abdomen of the female. W hile in
this position, the anterior portion of the male's body was pointed slightly upward
(Figure 2. IE). The pair then vibrated vigorously for three to five seconds and the
female gave a quick jerk (presumably releasing an egg) and swam away. The female
usually swam back to the surface and away from the spawning area; however, she
occasionally remained below the surface and searched for another spawning site while
being closely followed by the male. One female spawned at least twice with the same
male before returning to the surface.
Aquarium observations allowed a closer examination of some aspects of
courtship and a clearer view of actual spawning events. In nature, E. euryzonus used
relatively large areas for courtship so reproductive behavior in aquaria was probably
affected by the confined space and the prolonged isolation of females from males. In the
field, females usually chased other females out of the immediate area which resulted in a
much wider separation of individuals under natural conditions. Additionally, in the
field, males always initiated the approach. Under laboratory conditions, however,
females almost always immediately left the surface and approached the newly introduced
fish.
After introduction into the observation tank, males usually began courting
females within one to two minutes and courtship was mostly in the form of flashing and
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head-dipping. Head-dipping occurred in various positions relative to the female. If the
female swam away, the male usually followed behind and lateral to her. While
following, the male often swam with his head pointed slightly downward. Vigorous
head-dipping by the male also occurred while the female was swimming away from the
male. If the female stopped but remained below the surface, the male swam in front of
the female and erected his dorsal and anal fins. Often, the male rapidly swam to the
surface and back down in front o f the female while erecting his fins. If the female was
receptive, she began searching the substrate (most often the yam mops). The male
began to follow closely above and behind the female until a suitable spawning surface
was located.
Nipping behavior was observed also in the lab. As in the field though, it was
infrequent, and spawning did not always follow. At this point, the female J-shaped and
the male sidled alongside and both vibrated vigorously. The male usually tilted his
dorsal fin toward the female's dorsal surface in a manner similar to that described for Enotatus (Carranza and Winn, 1954), but a strong clasping, as seen in some other species
of Fundulus (Foster 1967), was not observed in E- euryzonus. After three to five
seconds of vibrating, the female jerked her body and released an egg. She then swam
away rapidly and either returned to the surface or continued to search for another
spawning location. All females observed spawning in the laboratory released only one
egg during each spawning event
D iscu ssio n
The social behavior of E- eurvzonus was similar to that of its close relatives, E.
olivaceus and E- notatus. Fundulus eurvzonus usually occurred in loose aggregations
consisting of males and females that foraged over relatively large areas. For Eeuryzonus. most activity was centered around emergent debris, such as stumps and
branches, or near the bank under overhanging riparian vegetation. Neither males nor
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females defended discrete territories, but individuals usually maintained a distance of
two to three body lengths between themselves and other conspecifics.
Most agonistic behavior between individuals was in the form o f short chases,
but occasionally included flashing and waggling. Head-to-head displays and mouth
fighting, as described for E- heteroclitus (Newman, 1907; Foster 1967), were not
observed during agonistic encounters in E- euryzonus. The outcome o f such encounters
was determined primarily by size although males seemed to be dominant over females of
similar size. This observation is in contrast to that reported for male E- hetemclitus by
Newman (1907). He suggested that dominance between male combatants was
determined by the degree of sexual maturity and the brilliance of coloration rather than
size. Flashing in E- euryzonus is much like the lateral displays described for E- notatus
(Carranza and Winn, 1954; Foster, 1967). However, neither study mentioned the
behavior I have described as waggling as part of the agonistic displays in E- notatus.
Baugh (1981) commented that E- olivaceus “rapidly flex their bodies in an S-shape”.
However, it is not clear if there was side-to-side movement involved or if the two males
maintained an S-shape while remaining relatively motionless. Waggling appears to be
quite similar to “tail beat” described for the North American killifishes Cvprinodon
variegatus (Barlow, 1961) and E. waccamensis (Shute et al., 1983), as well as the
African killifish Aphyosemion gardneri (Kroll. 1981). In E- euryzonus. however, there
was no contact between individuals, and the anterior portion of the body was also
moved vigorously from side to side.
Waggling may serve to deliver a pheromone to the opponent as was suggested
by Ewing and Evans (1973) for the South American rivulin Aphyosem ion hivirtatnm
but because there is no contact between individuals in E. euryzonus. neither individual is
forcefully displaced. Waggling in E- euryzonus frequently occurred in male-male
encounters, but it also took place in female-female and female-male interactions.
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Additionally, laboratory-reared hatchlings as young as 10 days also displayed waggling
behavior, which suggests that the primary function of this behavior is to maintain
individual distances rather than the defense o f a particular area for reproductive activity.
Because £. euryzonus feeds primarily at the surface on drifting macro-invertebrates
(Petifils, 1986), the maintenance of a certain distance between individuals may be in
response to a patchy and unpredictable food source. Under these circumstances,
foraging individuals would be less likely to capture individual prey items if a competing
individual is nearby. On many occasions, I observed several individuals aggregating
around overhanging branches (presumably due to the likelihood o f terrestrial arthropods
falling into the water), but a tight school did not form unless the group seemed
threatened by my presence.
The courtship and spawning behaviors of £ . euryzonus were also much like
those of £. notatus and £ . olivaceus. Males and females spawned with several
individuals over a relatively large area, and, unlike other species of Fundulus (e.g., £.
heteroclitus. £ . waccamensis. and £ . chrysotusl some of the more elaborate displays
such as looping, circling, and head-flicking were absent in £ . euryzonus. When
females were ready to spawn, they swam below the surface and searched for an
appropriate spawning surface while being followed closely by a male. Spawning
occurred shortly after the female J-shapes against the spawning substrate, and the male
sidled alongside her. A single egg was released when the female jerked her body and
swams away.
Although the reproductive behavior of £ . euryzonus was similar to the other two
species of darkstripe topminnow, some differences were evident Fundulus euryzonus
males appeared to be more active during courtship than £ . notatus males. Carranza and
Winn (1954) report that £ . notatus females solicit courtship when they "intercepted
groups of courting males". I found that £ . euryzonus males almost always initiated
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courtship by approaching females in open water. Carranza and W inn (1954) also report
thatE. notatus males usually head-dip while out o f view of the female. Fundulus
euryzonus males, however, head-dipped frequently while swimming in front of
females, both in open water and when females were near spawning substrate. W hen
females swam below the surface near submerged debris, males usually followed above
(as opposed to below in E- notatus) and contacted them with the pelvic fins and ventral
surface of the body. Baugh (1981) reports that E- olivaceus males also initially follow
above and behind the females but eventually move to a position above her. As in Eeurvzonus. there is much contact with the ventral surface of the males. Also, unlike Eolivaceus and E. notatus. female E- euryzonus occasionally nipped the substrate prior to
spawning. Nipping was infrequent, however, and spawning often did not follow as in
E. waccamensis (Shute et al. 1983), E. chrysotus. and E. heteroclitus (Foster 1967).
It is obvious that the reproductive behavior of E- euryzonus is similar to the
behavior of the other two members of the E- notatus species-group. All three species
exhibit fairly generalized courtship behavior with few of the more elaborate components
that are present in other species o f killifish. Differences in behavior among species of
killiflshes (Foster, 1967) as well as in closely related groups (Fitzsimons, 1976) are
known to contribute to the reproductive isolation between closely related species. It is
doubtful, however, that the courtship movements alone play a significant role in the
isolation between E- olivaceus and E. euryzonus. The ease with which hybrids between
E- olivaceus and E- notatus are obtained in the laboratory also suggests that there are
enough similarities in behavior for individuals to recognize heterospecifics as potential
mates. As discussed in the next chapter, hybrids between E- olivaceus and E.
euryzonus also were produced easily under laboratory conditions. It seems likely, then,
that neither behavior has much bearing on reproductive isolation or that some cue or
cues other than visual ones help to identify individuals as conspecific. This latter
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phenomenon was explored to some extent in Chapter Five by allowing individuals to
associate with either conspecific or heterospecific mates.
Although the reproductive behavior o f several species o f North American
killiflshes has been examined, much o f the information gathered from these studies has
come from laboratory observations only. Large gaps in the knowledge of the
reproductive ecology still exist for this rather conspicuous component o f the North
American fish fauna. Much work remains to be done on the reproductive tactics of these
fishes to determine how such tactics relate to the environment in which they live.
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CHA PTER 3
LABORATORY HYBRIDIZATION BETWEEN F U N D U L U S
OLIVACEUS AND E. EURYZONUS. AND AN ANALYSIS OF THE
GROWTH OF HYBRID OFFSPRING
Hybrids between several species of Fundulus have been produced under
laboratory conditions (Hubbs and Drewry, 1960; Diewry, 1962; Thomerson, 1966;
Cuca, 1976). Thomerson (1966) was able to produce hybrids between E. olivaceus and
E- notatus in a comparative study intended to examine geographic variation in
morphological structures as well as the specific status of the two taxa. He concluded
that, although the two easily cross-mate, the lack of natural hybrids and the differences
in meristic characters suggest the two are valid species. He also concluded that
reproductive isolation between them is most likely a result of large-scale differences in
habitat use. Although he mentioned that hybrids between the two show no evidence of
slower growth, his observations are not quantified. Also, he did not examine the
possibility of lowered fertilization success in heterospecific pairs or the hatching success
of resulting embryos. Because E- olivaceus and E- eurvzonus are presumed to be sister
species, cytological incompatibility between them seems unlikely. However, in any
study of possible mechanisms of reproductive isolation, the potential for the species
involved to mate and produce viable offspring must be examined. Because of
similarities in breeding season (Blanchard, 1996) and behavior (Chapter Two) between
E. olivaceus and E. euryzonus. reproductive isolation between the two is probably
maintained by some other factor or factors.
This study was undertaken to determine the potential for E- olivaceus and Eeuryzonus to cross-mate under laboratory conditions. In addition, several potential
post-mating isolating mechanisms were investigated to evaluate their importance in the
reproductive isolation between the two species. These included: (1) the effectiveness of
males to fertilize eggs from heterospecific females; (2) the hatching success of hybrid

27

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

28

eggs as compared to non-hybrid eggs; and (3) the growth rates o f hybrid hatchlings as
compared to growth rates of non-hybrid hatchlings. The fertility o f hybrids was also
examined, as well as the effectiveness of hybrids to fertilize eggs, the hatching success
o f F2 eggs, and the growth rates of the F2 hatchlings.
M aterials and M ethods
To determine if cross-mating would occur between £ . olivaceus and £.
euryzonus under laboratory conditions, I provided a situation in which spawning, if
completed, would be between a male of one species and a female o f the other (forced
mating) (Figure 3.1). I also provided spawning tanks for males and females of the same
species to compare the fertilization success rate between heterospecific matings to that of
conspecific ones. Hatching success of those eggs produced by heterospecific matings
as well as early growth rates of the hatchlings were also compared to hatching success
and growth of non-hybrid hatchlings.
Single-species groups of two to four females were placed into 75 L spawning
tanks with gravel substrate. Yam mops were anchored in the substrate to provide
spawning sites for mating pairs. Each group o f females was allowed to acclimate to its
spawning tank for at least 12 hours prior to observation. After the acclimation period,
either one male of the same species or a male of the other species was placed into each of
the spawning tanks and allowed to associate freely with the females. Each male was
allowed to remain in the spawning tank for 24 hours, after which time he was removed
and placed back into tanks housing only males of the same species.
After males were removed from the spawning tanks, the yam mops were
searched for freshly spawned eggs. Although spawning pairs occasionally spawned on
the gravel substrate and on the glass of the aquarium, a strong preference for the
spawning mops was observed. Consequently, the search for freshly spawned eggs was
limited to the two spawning mops provided for each tank.
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Heterospecific spawning tanks showing forced mating
situations.
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The large size and amber color of eggs of both E- olivaceus and E. euryzonus
made locating spawned eggs among the dark-green strands o f the mops relatively easy.
Eggs were removed from mops with forceps, placed into individual compartments of
household ice-cube trays containing aged tapwater, and allowed to harden for 24 hours.
Each egg was examined under a dissecting microscope to determine if it had been
fertilized. Fertilized eggs were recognized by the formation o f a perivitelline space,
which resulted from the separation o f the egg envelope from the oocyte membrane. At
this point, fertilized eggs were transparent, and, after at least 12 hours following
fertilization, the cytoplasm of the eggs began to develop beneath the micropyle and
eventually developed into a visible blastodisc. Eggs that were not fertilized usually were
cloudy, had no noticeable separation between the oocyte membrane and the outer
envelope, and after 24 hours usually began to develop significant amounts of fungus on
the outside of the outer envelope.
The presence of fertilized eggs in the forced mating situations was used to
indicate cross-mating between the two species. To my knowledge, there has been no
documented case of sperm storage in the genus Fundulus. Unlike the poeciliids
(mosquito fish and mollies), in which fertilization is internal, males in the family
Fundulidae lack a gonopodium (an enlarged group o f anal fin rays that deposits sperm
into the genital pore of the female). Internal fertilization in fishes whose males lack a
copulatory structure is known in at least one species o f sculpin (Munehara, 1996), but
the vast majority possess an intromittent organ of some type (i.e., gonopodia, genital
papillae, or claspers). Although Chidester (1917) reported a case of apparent
hermaphroditism (which can lead to self fertilization) in E- hetenoclitus. no evidence of it
was found in either E- olivaceus or E. euryzonus during the examination o f gonadal
tissue o f many specimens.
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Since each located egg was kept separate, the success rate at which eggs were
fertilized by each combination o f parental types was easily calculated by dividing the
number of fertilized eggs by the total of all eggs found for any particular combination of
parental types. As mentioned earlier, yam mops were strongly preferred as spawning
sites over the aquarium glass as w ell as the gravel substrate. However, it is likely that
some spawned eggs were not counted as a result o f spawning events on surfaces other
than the yam mops. Because I was interested in comparing the fertilization success rates
o f the two heterospecific combinations (£. olivaceus males x £. euryzonus females and
£ . euryzonus males x £. olivaceus females) with those of conspecific matings, the
absolute number o f eggs was not critical as long as the estimates of fertilization success
rate were not biased by the location of egg deposition. Because the strong preference
for the yam mops was present in both species, it is unlikely that a low percentage of
unrecorded spawning events on surfaces other than mops would influence calculations
of fertilization success in one combination of parental types more than another. A test of
association using the G-test with the williams correction (Sokal and Rohlf, 1981) was
used to determine if the proportions of fertilized eggs were different among groups (£.
euryzonus, E Qliyaceus, E euryzonus females X F. olivaceus males, and E- olivaceus
females x £. euryzonus males).
The diameter of all fertilized eggs recovered from spawning tanks was measured
with a dissecting microscope with an ocular micrometer. Each egg was placed
individually back into the compartments of ice-cube trays and labeled with the date it
was spawned and the parental combination of the spawning pair. Eggs were checked
daily and any embryos that had ceased developing were discarded. A test of association
using the G-test again was used to compare the proportion of eggs that eventually
hatched among each parental combination to determine if eggs produced from
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heterospecific pairs hatched less successfully than those produced from conspecific
mating events.
Because fish eggs from the same species and from the same individual may
hatch at significantly different stages of development, hatching itself is arbitrary
(Noakes, 1981). So, to limit the effect of variation in developmental stage at hatching, I
measured the total length of hatchlings only after all o f the yolk sac had been absorbed
(usually within 24 hours). The total length of each hatchling was measured by using an
ocular micrometer in a standard laboratory binocular dissecting microscope. Individuals
were confined in a small chamber constructed from glass microscope cover slips that
greatly constrained movements while measurements were made. Subsequent to the
initial measurement of each hatchling, each individual was placed into a vinyl dish (11.5
cm diameter) and fed Artemia sp. nauplii twice daily. Individuals usually were satiated
within five minutes of the introduction of food, and once a day, unconsumed, dead
nauplii were removed with a pipette from each tray. Water in each dish was replaced
with aged tapwater every five days.
The total length of each fish was measured every five days for 45 days in the
manner described above to compare early growth rates of hybrid hatchlings to those of
non-hybrid hatchlings. Since the same individuals were weighed every five days, the
size of a given individual at a particular time period was inherently related to its size at
the previous time period. Consequently, consecutive measurements of the same
individual could not be considered as independent observations. Due to this inherent
dependence of measurements within individuals, a repeated measures ANOVA model
(Gurevitch and Chester, 1986) was used to test for differences in growth rates among
offspring from the four different parental combinations. By using this method, a single
weighted sum of the repeated measures of each individual could be calculated. Since the
time intervals between measurements were equal for all groups, the linear contrast
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coefficients were taken from Rohlf and Sokal (1981) statistical tables. The linear
contrasts allowed a test of whether the slope of the best-fitting straight line through the
measurements over time was the same for all treatments (parental combinations).
After 45 days, young fish w o e placed into 75 L aquaria (10 to 15 fish per tank)
where they were fed Anemia nauplii, frozen adult Anem ia, and commercial flake food
until they reached sexual maturity as judged by pigmentation and onset o f reproductive
behavior. Fish from each parental combination were housed separately, and once
courtship behavior was observed, the sexes were separated. Experiments similar to
those described above were conducted to determine if the hybrids from the two
combinations of heterospecific crosses were fertile.
After two weeks of isolation o f males from females, groups o f two to three
females were placed into spawning tanks and allowed to acclimate for at least 12 hours.
One male hybrid from the same combination of parental types was placed into the
spawning tank with the group o f females and allowed to interact freely for 24 hours.
After 24 hours, the male was removed, and the yam mops were searched for freshly
spawned eggs. All eggs and resulting hatchlings recovered from these spawning tanks
were treated in the same manner as those in previously described experiments.
The fertilization success rate o f Ft hybrids was compared to the success
observed for conspecific and heterospecific matings. For this comparison, fertilization
success rates for the conspecific and heterospecific crosses were calculated from
experiments involving only laboratory-reared individuals to avoid possible bias in
fertilization success due to the captive rearing of individuals. As with the conspecific
and heterospecific crosses, hatching success was calculated for the eggs produced from
the F i hybrid crosses. After hatching, each F2 hybrid and second generation lab-reared
conspecific offspring was monitored for 45 days in the same manner as described
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above. Repeated measures ANOVA was used to compare the growth rates of hatchlings
from the four parental combinations.
R esu lts
Laboratory hvhridiration -A total of 35 trials were run that paired groups of £ .
olivaceus females with £ . euryzonus males. At least one fertilized egg was recovered
from spawning substrate (yam mops) in 32 of 35 (91%) trials. Over the course of the
entire experiment, a total o f 73 fertilized eggs was recovered. The largest number of
fertilized eggs from a single 24-hour period was six.
Thirty trials combining groups of £ . euryzonus females with individual £.
olivaceus males were run. O f these trials, 22 (73%) resulted in the recovery of at least
one fertilized egg from yam mops. A total of 53 fertilized eggs was recovered
throughout the course of the study, and the most eggs recovered from a single 24-hour
period was four.
Of the 20 trials with £ . olivaceus females and £ . olivaceus males, fertilized eggs
were recovered from the yam mops in 17 (85%). Over the course of the study, a total
of 72 fertilized eggs was recovered, and 10 was the most eggs recovered in one 24-hour
period. Fundulus euryzonus females were paired w ith £ . euryzonus males in 27 trials.
Fertilized eggs were recovered from 25 (92%) of the trials, and 69 fertilized eggs were
recovered throughout the experim ent The most eggs recovered over one 24-hour
period was eig h t
Fertilization success.—A comparison of fertilization success among all four
combinations of parental types (£. olivaceus females x £ . olivaceus males, £. euryzonus
females x £ . euryzonus males, £ . olivaceus females x £. euryzonus males, and £.
euryzonus females x £ . olivaceus males) indicated that all groups were able to fertilize
relatively large proportions o f the eggs that were found (Table 3.1). However, the test
of association revealed that there were significant differences in fertilization success
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Table 3.1.

Fertilization success of mating pairs for all four combinations of parental types.

Parental
combination

Number of eggs
recovered

Number of eggs
fertilized

Fertilization
success

77

72

93.5%

75

69

92%

79

73

92.4%

75

53

70.7%

£. olivaceus females
X

F. olivaceus males
F. euryzonus females
X

F. eurvzonus males
£. olivaceus females
X

F. euryzonus males
F. eurvzonus females
X

£. olivaceus males
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among the four groups (G ^ j - 16.79, df = 3, p < 0.001). Although this technique
does not allow for specific post-hoc comparisons, the fertilization success rate was
lowest in trials involving £ . euryzonus females and E- olivaceus males. Since all other
groups had similar success rates, it appears that the low success with this particular
combination of parental types accounted for the statistical differences detected.
Hatching success.—Conspecific pairings of both E. olivaceus and E. euryzonus
produced fertilized eggs with a relatively high hatching success rate (Table 3.2).
Fundulus olivaceus eggs hatched between 12 and 20 days (mean = 14.5) and the total
length (TL) of newly hatched fry just after yolk sac absorption ranged from 6.5-7.5 mm
(mean = 7.2). Fundulus euryzonus eggs hatched between 13 and 22 days (mean = 16.1
d) and the mean TL after yolk sac absorption was 7.9 mm (range = 6.29-8.92).
Heterospecific parental combinations also produced eggs that eventually hatched
(Table 3.2). Hybrids from crosses between E- olivaceus females and E- euryzonus
males hatched in 13 to 17 days (mean = 14.3), and mean TL of hatchlings subsequent to
yolk sac absorption was 7.5 mm (range = 6.8-7.8). The mean number of days to
hatching for hybrid eggs from crosses between E. euryzonus females and E- olivaceus
males was 15.7 (range = 14-20), and the mean TL of hatchlings after yolk sac
absorption was 8.2 mm (range = 7.0-8.7).
Although the number of days to hatching seemed quite variable within groups,
there were significant differences among the four groups (ANOVA, F = 14.61, df = 3,
227, P < 0.001). Differences in incubation time were probably related to egg size.
Although egg size does not seem to have a significant effect intraspecifically on time to
hatching (Kazakov, 1981; Wallace and Aasjord, 1984; Marsh, 1985), there is a
tendency for species with large eggs to have longer incubation times (Blaxter, 1988).
Fundulus euryzonus eggs were significantly larger than E- olivaceus eggs (ANOVA, F
= 81.38, df = 1,150, p < 0.001). Post-hoc comparisons of hatching time among all
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Table 3.2.

Hatching success of fertilized eggs produced from all four parental combinations.

Parental
combination

Number of eggs
fertilized

Number of eggs
hatched

Hatching
success

72

65

90%

69

64

92.7%

73

66

90.4%

53

36

67.9%

£. olivaceus females
X

F. olivaceus males
F. eurvzonus females
X

F. eurvzonus males
E. olivaceus females
X

F. eurvoznus males
F. eurvzonus females
X

E. fllixacsus males

-j
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four groups indicated that the two groups o f embryos with E. euryzonus mothers were
significantly different from the two groups o f embryos with £ . olivaceus mothers
(Sheffe’s, p < 0.05).
Although all parental types were able to produce at least some eggs that
eventually hatched, A test of association indicated that there were significant differences
in the proportion of eggs that hatched among the four parental combinations (Gacjj =
16.16, df = 3, p < 0.005). Once again, post-hoc comparisons could not be made, but it
is likely that the relatively low hatching success o f eggs produced from £. euryzonus
females and £ . olivaceus males accounted for the differences among the groups.
Growth rates of hybrid and non-hvbrid offspring.-Hatchlings produced from all
four of the parental combinations grew relatively fast in the first 45 days of life (Figure
3.2). At hatching, £ . eurvzonus hatchlings were the second largest of all the groups.
At the end o f the 45-day period, £ . eurvzonus hatchlings had reached a mean TL of 14.7
mm (range = 11.0-18.8). Fundulus olivaceus hatchlings had the smallest initial TL, but
at the end o f the 45-day period had reached a mean TL of 16.0 mm (range = 11.8-18.8).
Hatchling size has been shown to be influenced by egg size in a number of fish species
(see Blaxter, 1988). Thus, the difference in the mean initial TL between £. eurvzonus
and £. olivaceus hatchlings probably was due, at least partially, to species differences in
egg size. Fundulus euryzonus eggs were significantly larger than £ . olivaceus eggs
(ANOVA, F = 168.374, p < 0.01). Hybrids resulting from crosses between £.
eurvzonus females and £ . olivaceus males were similar in TL to £ . eurvzonus hatchlings
(mean = 8.2 mm vs. 7.9 mm respectively). A t the end of the 45-day period, hybrids
from this combination of parental types had reached an average TL of 15.5 mm (range =
13.0-16.6). Hybrids resulting from crosses between £ . olivaceus females and E.
eurvzonus males resembled £ . olivaceus hatchlings in initial TL (mean = 7.2 mm vs.
7.5 mm respectively). Hybrids from this combination of parental types reached a mean
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Figure 3.2.

Growth of conspecific and Fj hybrid hatchlings. FO x FE = hybrid with E. olivaceus
mother and E. euryzonus father; FE x FO = hybrid with E. euryzonus mother and E.
olivaceus father.
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total length o f 15.6 mm (range = 13.7-17.0) at the end of the 45-day period. If egg size
strongly influences hatchling size, it could be expected that hybrids with & euryzonus
mothers would be somewhat larger than hybrids with £ olivaceus mothers. This
seemed to be the case because the initial length of hybrids strongly resembled the initial
length of non-hybrid hatchlings of the maternal species.
Although the growth rates of all four groups were sim ilar (Figure 3.2), repeated
measures analysis revealed that there were significant differences (F-test: F = 9.31, d f=
3.137, p < 0.01) among growth trajectories due to parental combination. Post-hoc
comparisons among the four parental combinations indicated that although £ . olivaceus
hatchlings were the smallest as they emerged from the eggs, they grew significantly
faster than the other three groups of hatchlings. Although there were no statistically
significant differences among the other three groups, it appeared that £. euryzonus
hatchlings grew more slowly even though hatchlings emerged from eggs with the
second highest average total length. Analysis of variance indicated that there were
differences in total length of hatchlings at the end of the 45-day period (F = 4.26, df =
3.137, p < 0.01). Sheffe’s post-hoc comparison showed that E. eurvzonus hatchlings
were significantly smaller (p < 0.05) than E . olivaceus and the two groups of hybrid
hatchlings. There were, however, no differences in total length at the end of the 45-day
period between £. olivaceus hatchlings and the two hybrid groups.
Fertility of hybrids and growth o f F. offspring.-Laboratory-reared hybrids
between £. euryzonus and £ . olivaceus (both combinations o f sexes) were fertile.
Hybrids as well as non-hybrid offspring reached sexual maturity in about three months
and were approximately 30-35 mm TL. Some individuals attempted spawning at
smaller sizes, but no eggs were recovered from these spawning events. In nature, both
£. olivaceus and £. euryzonus females have mature oocytes present in the ovaries at
about 40 mm TL (Blanchard 1996). In the laboratory, however, perhaps due to more
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constant conditions and an ample food supply, sexual maturity in both species
apparently was reached at substantially smaller sizes.
In the 17 trials that paired Ft hybrids from crosses between E- olivaceus females
and E- euryzonus males (OE), 15 resulted in the recovery o f at least one egg from the
yam mops. A total of 55 eggs was recovered, and the most eggs in one 24-hour period
was nine. O f the 19 trials that paired Ft hybrids from crosses between E- euryzonus
females and E- olivaceus males (EO), 15 resulted in the recovery of at least (me egg
from mops. A total of 57 eggs was recovered, and the most eggs from a single 24-hour
period was 10. Twelve out of 14 trials involving male and female laboratory-reared Eeuryzonus resulted in the collection of at least one egg. A total of 57 eggs was collected,
and the highest number of eggs recovered following the 24-hour period was eight. O f
the 16 trials that paired laboratory-reared male and female E- olivaceus. 15 resulted in
the recovery of at least one egg. Fifty-nine eggs were recovered throughout the study,
and the largest number of eggs removed after the 24-hour period was seven. All groups
were able to fertilize a relatively high proportion o f eggs that were spawned (Table 3.3).
Although the EO hybrids fertilized a slightly smaller proportion than the other three
groups, the difference was not significant (Test o f association, Gadj = 0.72, d f = 3, p >
0.50).
At least some of the fertilized eggs from each group eventually hatched (Table
3.4). When the hatching success of the fertilized eggs was calculated, no differences
among the four groups were detected (Test o f association, Ga(ij = 3.20, df = 3, p >
0.10) although hatching success of eggs from the two hybrid groups (especially EO x
EO) was somewhat less than hatching success o f the two non-hybrid groups. No
evidence for greatly reduced hatching success o f eggs produced from hybrids was
found.
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Table 3.3.

Fertilization success for lab-reared conspecific mating pairs and mating pairs involving Fi hybrids. OE =
hybrid with & olivaceus mother and £. eurvzonus father; EO = hybrid with £. eurvzonus mother and £.
olivaceus father.

Parental
combination

Number of eggs
recovered

Number of eggs
fertilized

Fertilization
success

F. olivaceus females

59

53

89.8%

57

52

91.2%

55

50

90.9%

57

49

86.0%

A

F. olivaceus males
F. eurvzonus females
X

F. euryzonus males
OE hybrid females
X

OE hybrid males
EO hybrid females
X

EO hybrid males

to
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Table 3.4.

Hatching success of fertilized eggs produced from lab-reared conspecific matings and F,hybrid matings. OE =
hybrid with £. olivaceus mother and £. euryoznus father, EO = hybrid with £. euryzonus mother and £.
olivaceus father.

Parental
combination

Number of eggs
fertilized

Number of eggs
hatched

53

47

53

48

90.6%

50

41

82%

49

38

77.5%

F. olivaceus females
X

Hatching
success
88.7%

F. olivaceus males
F. eurvzonus females
X

F. euryzonus males
OE hybrid females
X

OE hybrid males
EO hybrid females
X

EO hybrid males
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The time to hatching was similar for all groups (Table 3.5), but ANOVA
indicated there were statistically significant differences among parental types (F = 23.56,
d f = 3,170, p = < 0.01). As with the first generation of non-hybrid offspring, £ .
olivaceus eggs hatched significantly faster (p < 0.05) than £ euryzonus eggs (Sheffe's
post-hoc comparison). As stated previously, this was probably influenced by
differences in egg size between the two species.
Second generation £ . euryzonus hatchlings were significantly larger than £ .
olivaceus hatchlings, but both of the F2 hybrid groups were intermediate between the
two non-hybrid groups (Table 3.6). Analysis of variance indicated significant
differences in total length among the four groups of hatchlings (F = 28.54, d f = 3,170,
p < 0.01). Sheffe's post-hoc comparisons showed that £ . olivaceus hatchlings were
significantly smaller (p < 0.05) than hatchlings from the other three parental
combinations. Growth rates of F2 hybrids were also similar to the growth rates of the
conspecific hatchlings (Figure 3.3). Repeated measures ANOVA, however, showed
that there were significant differences in the growth trajectories among the four groups
(Table 3.7). As mentioned earlier, there were differences between the growth rates of
£ . olivaceus and £ . euryzonus hatchlings. Unlike the two Ft hybrid groups in which
growth trajectories were not different (p > 0.05) from the trajectory f o r£ eurvzonus.
growth rates of F2 hybrids (both combinations of parental types) were not significantly
different (p > 0.05) from growth rates of E. olivaceus hatchlings (Sheffe's post-hoc
comparison). There was no evidence to suggest that the F2 hybrid hatchlings grew
particularly slower than the non-hybrid hatchlings. In fact, it appeared that F2 hybrids
grew slighdy faster (although not statistically significant) than £ . olivaceus hatchlings.
D iscu ssion
Clearly, £ . olivaceus is genetically similar to £ . euryzonus (Tatum et al, 1981;
Wiley, 1986; Cashner et al., 1992). The frequency with which individuals cross-mate
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Table 3.5.

Time to hatching for lab-reared conspecific eggs and F2 hybrid eggs. OE = hybrid with £. olivaceus mother and
£. euryzonus father, EO = hybrid with £. euryzonus mother and £. olivaceus father.
Parental combination

Mean days to hatching (range)

F. olivaceus females
X

14.3 (12 -21)

F. olivaceus males
F- PUfyZQnus females
X

16.3 (13 -21)

F. eurvzonus males
OE hybrid females
X

13.4(11 -17)

OE hybrid males
EO hybrid females
X

EO hybrid males

15.1 (14-18)
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Table 3.6.

Initial size (mm) of hatchlings from lab-roared conspecific matings and matings of F, hybrids. OE = hybrid with
£. olivaceus mother and E euryzonus father, EO = hybrid with E euryzonus mother and E olivaceus father.
Parental combination

Mean initial size of hatchlings (range)

F. olivaceus females
X

7.16 (6.52 -7.38)

E olivaceus males
E eurvzonus females
X

7.87 (6.32 - 8.97)

F. eurvzonus males
OE hybrid females
X

7.27 (6.25 -7.83)

OE hybrid males
EO hybrid females
X

7.41 (6.0 - 8.08)

EO hybrid males

0\
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Figure 3.3.

Growth of conspecific and F2 hybrid hatchlings. OE x OE = F2 hybrids from F^ hybrids with
olivaceus mother and E euryzonus father; EO x EO =F2 hybrids from Fj hybrids with E eurvzonus
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Table 3.7.

Repeated measures analysis of variance in growth of hatchlings produced from the two conspeciflc parental
combinations and F2 hatchlings produced from the two hybrid parental combinations.

Source

df

MS

F

P

Treatment

3

25375.26

18.73

<0.01

Error

138

1354.62

Total

141

4^
00
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under forced mating conditions in the laboratory supports previous conclusions that their
behaviors are similar (Chapter Two), at least to the extent that heterospecific individuals
were recognized as potential mates. This is not suprising given that the reproductive
behavior o f these two species seems to be less elaborate than some other species o f
Fundulus and that they are each other’s closest living relative (Tatum e t al., 1981;
Cashner et al., 1992). Although the cross-mating o f E- olivaceus and E- euryzonus and
successful production of hybrids does not necessarily mean that the two will mate in
nature, it does indicate a potential for mismating. These two species are known to co
occur consistently at several localities throughout the range of E- euryzonus. and they
are often collected in close proximity. Contact between the two is probably frequent In
situations in which one species is greatly outnumbered by the other, individuals who
cannot find a conspecific mate may eventually mate with a closely related heterospecific.
Males of both E- olivaceus and E- euryzonus that were paired with heterospecific
mates were able to fertilize a relatively high proportion of eggs. However, male Eolivaceus fertilized a lower proportion of eggs than the conspecific groups or the other
heterospecific group. It is difficult to determine if the lowered fertilization success in
crosses between E- euryzonus females and E- olivaceus males was due to physical
characteristics or behavioral ones such as a reluctance to mate by either the males or
females. A slightly lower (although not statistically significant) production o f eggs
produced per trial in trials involving E- euryzonus females and E. olivaceus males
suggests that the latter is a possibility. Although the two species are similar, there are
differences in body shape (Petifils, 1986) as well as in other characters (Suttkus and
Cashner, 1981). Perhaps some of these differences make it more difficult for male E.
olivaceus to fertilize eggs from E. euryzonus females. Fertilization success between
heterospecific pairs was not addressed by Thomerson (1966), so it is not known if the
same phenomenon is present between E- olivaceus and E- notatus.
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As established previously, the courtship displays and spawning behavior of the
two species are sim ilar. However, if other non-visual cues are being used during
courtship, asymmetrical mate discrimination may be occurring which could result in £.
euryzonus females o r £ . olivaceus males being less willing to mate.
A third possibility is a difference in positioning of individuals during spawning.
It has been demonstrated th at£ . euryzonus occupies microhabitats with faster-moving
water than £ . olivaceus (Blanchard, 1996). If the two species tend to spawn in habitats
that they frequent, body position of pairs spawning in faster water may be different than
pairs spawning in still water.
Based on my observations, however, I was unable to conclude that any one of
these three possibilities (physical, behavioral, or positional) resulted in the lowered
fertilization success in spawnings between £ . euryzonus females and £ . olivaceus
males. Although I did not notice an apparent lack of willingness to mate between
participating individuals, I did not quantify frequencies of specific courtship behaviors
of males or females. Thus any reluctance to mate would have gone unnoticed. I believe
a much more detailed examination of actual spawning clasps would be necessary to
identify physical or positional differences that could possibly affect fertilization success.
As with crosses between E. olivaceus and E. notatus (Thomerson, 1966; Cuca,
1976), both combinations of heterospecific pairings in my study were able to spawn
eggs that eventually hatched. However, smaller proportion o f fertilized eggs from
combinations involving E. euryzonus females and E- olivaceus males successfully
hatched. There did not seem to be a consistent time period for the termination o f
development The number of days that embryos developed before dying was quite
variable. Some only developed for one or two days while others survived for several
days.
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At this point, the reasons for a lowered hatching success in this combination of
parental types are unknown. It probably was not a result of the environment in which
they were reared. Because of the different microhabitats the two species occupy in
nature, it is possible that E- olivaceus eggs would survive better in still water than Eeurvzonus eggs. If the incubating conditions were poor (i.e., low 0 2 levels), then E.
euryzonus eggs might have a lowered hatching success.
Although a relatively high percentage o f the fertilized eggs produced from Eeuryzonus females and E- olivaceus males hatched, when all the eggs produced from
matings involving E- euryzonus females and E- olivaceus males are considered,
including those that were spawned but not fertilized, the overall hatching success of this
combination of parental types is extremely low. It is possible then that this low overall
hatching success represents at least one post-mating isolating mechanism between these
two species. However, the fertilization success and hatching success of E- olivaceus
females crossed with E- euryzonus males were not significantly lower than those of
either conspecific group. So if E. olivaceus females were mating with E- euryzonus
males in nature, similar proportions of eggs produced would be expected to hatch. This
assumes, of course, that the environment in which the eggs are placed has no influence
on the survival of eggs. Since these two species generally occupy different
microhabitats, such is probably not the case.
The significant differences in growth rates and final size between E- olivaceus
hatchlings and E. euryzonus hatchlings may have been a result of the environment in
which the hatchlings were reared. Under natural conditions, E. euryzonus adults are
most commonly found in areas near the main stream or river channel with substantial
movement o f water. As described earlier, they also spawn in these areas. In contrast,
E- olivaceus adults are most often found in backwater pools with little water movement
Accounts of spawning in this species suggest that spawning also takes place in these
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areas on emergent vascular plants or on submerged mats of algae (Carranza and Winn,
1954). Although no published information on the habitat use by hatchlings or juveniles
in either species is available, it can be speculated that they inhabit areas similar to the
adult habitat If E- olivaceus hatchlings are better adapted than E- euryzonus hatchlings
to more stagnant conditions, such as might be found in backwater pools with little water
movement then the differences in growth rates may be a result o f rearing conditions
being more suitable for one species than for the other. Since all hatchlings were reared
in vinyl dishes, there was virtually no water movement unless dishes were disturbed.
During the course of the study, I made no effort to aerate the water nor did I measure
dissolved oxygen in the dishes. Consequently, I have no information on how the
oxygen levels in the vinyl dishes relate to oxygen levels in natural habitats where these
two species are found. However, it does seem likely that such a factor could influence
growth rates differently for species that occupy different microhabitats in nature.
The growth trajectories of hatchlings from both combinations of heterospecific
parental pairings were not significantly different from one another or from the growth
trajectory o f the E. euryzonus hatchlings. However, they grew significantly slower than
E. olivaceus hatchlings. There was no strong evidence suggesting that hybrids between
E- olivaceus and E- eurvzonus (from either combination of parental types) grew less
well than non-hybrids as a group. In fact, it appears that the hybrids grew at
intermediate rates between the two groups of non-hybrid hatchlings. This can be
discerned to some degree from Figure 3.2. Additionally however, when the weighted
sums of the repeated measures (basis for comparison in the analysis o f repeated
measures) of individuals from the four parental combinations were calculated, values for
E- olivaceus were the highest, values for E. euryzonus were the lowest, and the values
for the two hybrid groups were intermediate between the two (Table 3.8).
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Table 3.8.

Average weighted sums of growth increments of hatchlings from the two conspecific groups of parental
combinations and the F, hybrids from the two heterospecific combinations.
Parental combination

Mean weighted sum

E olivaceus females
X

160.235

£. olivaceus males
F. euryzonus females
X

E gmyzQUUS males

119.074

F. olivaceus females
X

F. eurvzonus males

130.807

Eeuryozaus females
X

125.191

F. olivaceus males

u>
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Since the intermediacy o f interspecific hybrids in terms o f morphological as well
as physiological characteristics has been documented among many types of organisms,
the intermediate growth rates o f hybrids between E. olivaceus and E- euryzonus might
be expected if conditions under which growth was measured were more favorable to one
species than the other. If the ability to deal with lower oxygen levels is genetic, then the
E- olivaceus hatchlings would be best able to convert food resources into energy needed
for growth, with the assumption that oxygen levels in the lab were lower than what
might be expected from oxygen levels in habitats where E- euryzonus occurs. Since Eeuryzonus hatchlings likely exist under higher oxygen levels, they would be expected to
be less efficient at converting resources into growth. Subsequently, the hybrids, which
receive genetic input from both species, would be expected to grow faster than Eeuryzonus hatchlings but slower than E- olivaceus hatchlings.
These results show clearly that hybrids between E- olivaceus and E- euryzonus
are fertile and capable of spawning and fertilizing a high proportion of eggs that
eventually hatch. Moreover, there was no evidence to suggest that hybrid hatchlings or
F2 hybrids were less fit than hatchlings from conspecific matings. However, in this
study, growth was measured in the relatively benign environment of the laboratory.
Under natural conditions, in which physical and chemical factors fluctuate much more
widely, hybrid growth and survival may be affected negatively. Since E. olivaceus and
E- euryzonus are different morphologically and occupy different microhabitats to some
degree, it could be argued that if hybrids are intermediate in morphology, they may be
competitively inferior to the appropriate parental species in either habitat type. Neither
the intermediacy in morphology of hybrids between these two species nor any measure
of performance (i.e., swimming speed, endurance, etc.) was addressed in this study.
So, although no evidence o f reduced hybrid fitness was observed, the inferiority of
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hybrids under natural conditions still may be a significant barrier to introgrcssion
between E- olivaceus and E- euryzonus.
That E- olivaceus and E- euryzonus are able to produce viable and fertile hybrids
is not suprising given that E- olivaceus and E. notatus are also known to produce fertile
offspring under laboratory conditions. Since E- olivaceus and E- eurvzonus are
hypothesized to be each other’s closest relative, one would expect a high degree of
genetic similarity between the two. However, many studies that document the
occurrence of hybridization between closely related species fail to address aspects such
as the success rate of fertilization or hatching success o f eggs that are fertilized. This
may be an important factor in reproductive isolation between two species if the
proportion of eggs fertilized by conspecific males is much higher than those fertilized by
heterospecific ones. In fishes, as with many other vertebrates, the most vulnerable life
stage is that of the embryo or newly emerged hatchling. If only a few offspring survive
to maturity under normal circumstances, it would be highly unlikely for hybrid
individuals to survive and reproduce if only a small proportion of eggs from
heterospecific matings were fertilized or eventually hatched.
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CHAPTER 4
THE INFLUENCE OF CURRENT VELOCITY ON THE SELECTION OF
SPAWNING SITES IN FU N D U L U S OLIVACEUS AND E,
EURYZONUS
For fishes, the placement of eggs is often critical to the survival and subsequent
hatching o f the embryo. As a result o f the evolution from the ancestral strategy of
broadcast spawning to the production o f demersal eggs in many groups o f fishes (Balon
1984), embryos are exposed to a different set of environmental conditions. Embryos
developing at or near the bottom must be protected from predators, kept free o f silt, and
provided with sufficient oxygen for normal development Many species that spawn on
the substratum meet these requirements by guarding the n est which obviously protects
the eggs from predators. Often individuals keep nests clear o f silt and provide high
water turnover rates across the surface o f the eggs by actively fanning the nest with their
fins (cichlids, sunfishes).
An alternative strategy for non-nest builders is to spawn eggs in the nest of
heterospecifics that do provide parental care (Hunter and Hasler, 1965; Goff, 1984;
Fletcher, 1993; Johnston, 1994a, 1994b). Many species that spawn demersal eggs,
however, do not provide active parental care or place their eggs in the nests of
heterospecifics that do. In order for these embryos to have a reasonable chance of
survival, the eggs must be placed initially in an area that will likely provide all of the
critical physical and chemical requirements for the normal development and subsequent
hatching of the embryo. This is the strategy characteristic of most fundulids. Some
species actually defend discrete territories during the reproductive season (Foster, 1967;
Shute et al., 1983), and some may provide either active parental care (usually in the
form of agonistic displays toward conspecifics) or passive care by creating incidental
water movement as a result o f ongoing territorial nest defense. However, in most
species, males defend areas around females (Foster, 1967), and, once an egg is
56
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spawned, neither males nor females provide pie- or post-hatching parental care to
embryos in the form of site defense. This is the case for both E- olivaceus and Eeuryzonus. As discussed in Chapter Two, both species tend to spawn their eggs on
submerged debris or on stems o f emergent vegetation. As such, there is selective
pressure for individuals of each species to favor environments for egg deposition that
will afford the developing embryos with the best chance for survival.
Previous studies have shown that there are differences in microhabitat use
between E- olivaceus and E. euryzonus (Suttkus and Cashner, 1981; Petifils, 1986;
Blanchard, 1996). In general, E- euryzonus tends to frequent areas with higher current
speeds than E- olivaceus. If these differences are the result of adaptation to different
current regimes, then it could be expected that characteristics involving reproduction
might also be affected. Blanchard (1996) noted that E- eurvzonus eggs were
significantly larger than E. olivaceus eggs. Since the boundary layer (defined by
Rombough ,1988, as the semistagnant region of water adjacent to the egg surface where
oxygen is depleted and metabolic wastes accumulate) is proportional to egg size
(Daykin, 1965), E. euryzonus eggs would be subjected to a greater depletion of oxygen
immediately surrounding the egg capsule. However, the boundary layer is inversely
proportional to water velocity (Daykin, 1965), so it would be advantageous for Eeuryzonus females to choose to spawn their eggs in microhabitats with faster currents in
order to more efficiently deliver oxygen to the developing embryos. O f course, having a
smaller egg, as is the case with E- olivaceus. does not lessen the benefits of exposure to
higher levels of dissolved oxygen (DO). However, if other selective pressures make it
beneficial for E- olivaceus females to spawn in slow-water microhabitats, having a
smaller egg would be beneficial if DO levels were substantially lower.
In addition to lacking significant water movement, often the backwater pools
commonly inhabited by E. olivaceus are relatively shallow (< 20 cm). In areas where
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there is little or no canopy, exposure to direct sunlight can substantially increase water
temperature in these sm all pools, which can drastically reduce DO. Although there have
been no direct measurements of EX) levels from the different microhabitats these two
species occupy, it is likely than E olivaceus is regularly exposed to lower levels that E.
euryzonus. Since both species apparently spawn in areas that they frequent during nonreproductive behavior, a smaller egg in E- olivaceus may be an adaptation to lower
levels of DO, especially at night, in areas where they typically spawn.
Predictions that E. euryzonus should spawn in faster-moving water than Eolivaceus were corroborated to some extent by casual aquarium observations. Groups
of E. euryzonus and E. olivaceus were housed in a 283.5 L aquarium on separate
occasions. Over the course of a week, several E- euryzonus pairs spawned near the
outflow of an external box filter where there was a visibly discernible current No pairs
were observed spawning at the opposite end o f the aquarium where there was
substantially less w ater movement In contrast E- olivaceus pairs were never observed
spawning near the high flow area, but on numerous occasions, spawned on yam mops
at the slack end of the tank. Held observations of E- euryzonus also suggested that
females choose sites in areas with moving water.
Differences in spawning-site selection may play an important role in reproductive
isolation between these two species. If females of one species place their eggs in areas
of fast-moving water while the eggs of the other are placed in still water environments,
then the potential for separation exists. This study was designed to examine the currentspeed preference in spawning-site selection in E- euryzonus and E- olivaceus to
determine if it is, in fact, potentially important in the reproductive isolation between the
two.
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M aterials an d M ethods
To test the hypothesis that E- euryzonus spawns in faster moving water than Eolivaceus. I constructed an artificial stream designed to provide spawning substrates in
areas that differed in current velocity (Fig. 4.1). The stream measured 1 x 1.75 m and
was constructed with 1.9 mm plywood coated with Evercoat fiberglass. To create a
generally circular current, the comers were rounded by attaching short lengths of PVC
pipe that were cut lengthwise. A center partition separated the two halves o f the stream
to further facilitate a circular flow of water. A 1/25 HP Little Giant external water pump
was used to create the current. The outflow and uptake pipes were separated from the
rest of the stream by a wire mesh screen to prevent injury to test fish. The bottom of the
stream was covered by a thin layer o f small aquarium gravel, and, although fish were
seldom kept in the stream for more than 12 hours, some filtration was provided by an
Aqua Tech 20-40 power filter. Short strands (about 10 cm) of hunter green acrylic yam
attached to the underside of plastic petri dishes were used as spawning substrate. After
the stream was established, it was allowed to "run" for seven days before any
observations were made.
Each trial began by placing one female, either E- olivaceus or E- euryzonus
(selected randomly from stock tanks) into the artificial stream. As with the tests for mate
preference, only individuals previously determined to be reproductively active were
used. Each female was allowed to acclimate to the stream for one hour. After the onehour acclimation period, one male was introduced into the stream. Because I was
testing differences between species, only conspecific mates were used. A fter a period of
five minutes, I began to observe the pair. I observed each pair for 30 m inutes or until
the pair spawned. Spawning was considered complete if the female gave the
characteristic "jerk" that followed 3-4 seconds of vibration by both the male and the
female.
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Figure 4.1.

Artificial stream used to determine species differences in spawning site selection.
Arrows indicate direction of current.
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In order to consider each spawning pair as an independent observation, I
recorded only the location o f the first spawning event since any subsequent observations
would have an individual preference component; if, for example, one female spawned
several times at one location while all others of the same species spawned only once at
different locations, then species characterizations o f spawning site selection would be
disproportionately influenced by the selection o f one individual
Once the pair spawned, or at the end of the 30-minute observation period, I
removed both fish from the stream and recorded the current velocity at the location of the
spawning event as well as all other available spawning substrata with a velocity meter.
Because of the strong preference o f both species to spawn in the yam mops as opposed
to the gravel substrate, I only considered the mops as available substrate. Throughout
the course of these experiments, none of the pairs spawned on substrates other than the
yam mops. After all measurements of current velocity were taken, I removed the mop
on which the pair spawned. The newly spawned egg was removed from the mop, and a
new mop was placed into the stream. To lessen the potential influence of chemical
signals left behind by spawning pairs on site selecdon of untested pairs, mops were
replaced with previously unused ones or ones that had been rinsed with tap-water and
allowed to air dry.
A G-test for goodness o f fit with williams correction (Sokal and Rohlf, 1981)
was used to compare the distribution of spawning events for each species to determine if
pairs were actively selecting particular sites on the basis o f current velocity.
Interspecific comparisons of the distribution of spawning sites across current velocities
were made by using a test of association using the G -test with williams correction.
R esu lts
Sixty-three £ . euryzonus pairs spawned in the artificial stream. Only three
females did not spawn within the allotted 30-minute observation period. Each individual
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spawning event resulted in the deposition of only one egg, and only the yam mops that
were provided were used as spawning substrate. The distribution o f spawning events
for £ . euryzonus pairs differed from the expected distribution given the distribution of
available substrate (Ga£jj = 80.17, d f = 8, p = < 0.001; Fig. 4.2).
Forty-eight £ . olivaceus pairs spawned in the artificial stream during the study.
Six females did not mate during the 30-minute observation period. As with Eeurvzonus. all of the spawning events resulted in the release of only one egg per event,
and all pairs spawned on one o f the yam mops. When the distribution o f spawning
events in £. olivaceus was compared to the expected distribution given the available
substrate, significant differences were also found (Ga(jj = 58.94, df = 8, p < 0.001;
Fig. 4.3).
In addition to being different from random given the distribution of available
spawning sites, the distribution o f spawnings across current velocities differed between
species (Gacij = 86.22, df = 8, p < 0.001; Fig. 4.4). Fundulus euryzonus females
spawned most often at a current speed of 10.0 cm sec'1, but a large number of females
also spawned at higher current speeds. Most £ . olivaceus females, however, spawned
at current velocities of 1.4 cm sec'1 or lower. Only one female E. olivaceus spawned at
a current velocity of more than 10 cm sec'1.
D iscu ssio n
The distributions of spawning events of E. eurvzonus and E. olivaceus in the
artificial stream reflected predictions based on observations of habitat use and egg size.
Because males of neither species defend specific sites during reproduction (Carranza and
W inn, 1954; Blanchard, Chapter. 2), it is likely that females were not choosing sites
based on male traits. Carranza and Winn (1954) and Foster (1967) indicated that in Enotatus and E. olivaceus. respectively, females ultimately determine where spawning is
to take place. Once the female appears to be ready to spawn (as indicated by searching
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Distribution of available spawning sites and spawning events for F. eurvzonus pairs
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behavior), the male simply follows her until she selects an appropriate spawning
substrate. Male following behavior also immediately preceded spawning in £.
euryzonus. This behavior suggested that E- euryzonus females also dictated spawning
location. I believe the differences observed here reflected actual differences between the
two species in site selection by females and not artifactual differences in response to
male behavior.
As with other traits, there is perhaps a geographic component to spawning-site
selection. Baker et aL (1994) demonstrated in the laboratory that preference for
spawning sites exposed to different current velocities is quite variable among
populations o f the blacktail shiner, Cyprinella venusta. The differences they observed,
however, seem to reflect differences in flow regimes to which populations are exposed.
Fish collected from rivers with swift currents spawned in crevices exposed to high
current velocities. Individuals collected from slower-moving systems tend to spawn at
low current velocities, and fish collected from one locality with highly variable flow
show a bimodal distribution of spawning events across different current velocities.
They pointed out that there is an advantage to the evolution of a preference for prevailing
current regimes. Individuals who spend time searching for current velocities that do not
exist lose time that could be spent foraging. This becomes especially important in
species that produce multiple clutches because, if enough time is lost, other
environmental constraints (e.g., temperature or resource availability) may preclude the
successful production of a second clutch. Since specimens used for my study came
from the same locality, the possibility of species differences in spawning-site selection
due to local adaptations to prevailing environmental conditions was eliminated.
Individuals of both species were potentially experiencing the same flow regime.
Consequently, if these two species were responding only to selection for current
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velocities that are available, much more overlap between the two should have been
observed.
Because all specimens used in my study of spawning-site selection were wild
caught, I cannot rule out the possibility that the differences that I observed were affected
by individual experiences. However, it does seem likely that spawning-site selection in
relation to current speed could have a genetic basis. Many species o f salmonids have
been shown to have genetically controlled responses to current (Brannon, 1967,1972;
Raleigh, 1971; Raleigh and Chapman, 1971; Bowler, 1975; Kelso et aL, 1981; Kaya,
1989). Although all these studies deal with rheotaxis and how it relates to migratory
behavior, they demonstrate that fish from different populations reared under identical
conditions retain a response to current characteristic of the population from which they
were spawned.
The importance of spawning-site selection to the reproductive isolation between
£ . euryzonus and E. olivaceus is difficult to determine without further information. If
males tend to court females only within their preferred habitats, then species differences
in spawning site selection could greatly influence reproductive isolation. However, if
males of either species court females in both types of habitat (fast water and slow
water), then cross-mating and subsequent hybridization could still occur even if females
deposit their eggs in different microhabitats. Although there are differences in
microhabitat use between these two species, adults in breeding condition are commonly
collected in close proximity (Blanchard, 1996). It is clear, then, that the opportunity for
males to court heterospecifics is present under natural conditions. Since males of either
species readily direct courtship displays toward heterospecific females in the laboratory
(Chapter Three), it seems unlikely that males would only court females in their preferred
spawning habitat Under these circumstances, species differences in spawning site
selection alone cannot entirely explain how E- olivaceus and E- euryzonus remain
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reproductively isolated. Detailed information on the distribution o f individuals in a
particular area is presently unavailable, so it is not known how often or to what extent
individuals o f the two species come into contact If females are discriminating and tend
to spawn with conspecifics only, then spawning-site selection may be im portant given
certain small-scale distributional patterns o f males and females of the two species.
These phenomena will be discussed in the next chapter.
The results from this study corroborated observations of spawning behavior
from the field for E. euryzonus and reported accounts for £ . olivaceus. Because o f the
difficulty in observing actual spawning events in some fishes, field observations may
provide only a small subsample o f the range of spawning locations used by a particular
species. By viewing many individuals under more controlled conditions, it is possible
to gain insight into some of the factors affecting selection by individuals on where to
spawn. Many times it is extremely difficult to make these determinations in the natural
environment.
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CHAPTER 5
ARE F U N D U L U S OLIVACEUS AND E, EURYZONUS FEMALES
MORE LIKELY TO SPAWN WITH CONSPECIFIC OYER
HETEROSPECIFIC MALES?
Mate choice has been well studied in a variety o f organisms over the past few
decades (Andersson, 1994). However, most studies are aimed at identifying ecological,
social, or behavioral factors that may influence mate choice within a species (e.g., Hill,
1990; Milinski, 1990; Nelson and Planes, 1993; Nelson, 1995; Nicoletto, 1995; Morris
et al., 1996; Ryan et aL, 1996). Much less attention has been given to mate preferences
across species boundaries. However, the evolution o f population-specific mate
recognition systems may be an important factor in the speciation process (McPhail,
1969; Kaneshiro, 1980). If the divergence of courtship signals (as a result o f sexual
selection within populations or other adaptations to local environmental conditions)
proceeds far enough, individuals from different populations will fail to recognize one
another as conspecifics (Muller, 1942; Ryan and W agner 1987). Additionally,
differences in behavioral components are suggested as the primary means by which
some sympatrically occurring species remain reproductively isolated from one another
(Fitzsimons, 1976; Drewry, 1962; Foster, 1967; Bartnik, 1970, Aheam e ta l., 1974;
Aheam and Val, 1975; Kaneshiro, 1976). It is clear that behavior and, more
specifically, mate choice can be a major component to reproductive isolation between
closely related species. Since there are many other factors, however, mate choice is
only one among several possibilities. It has been demonstrated that in some species,
similarities in reproductive behavior would likely result in extensive introgression
between species pairs if other isolating mechanisms were not operating (Ryan and
Wagner, 1987). So, although a difference in courtship behavior between related species
is a likely mechanism for reproductive isolation, it cannot be assumed to be the only
possibility. Therefore, if the specific mechanisms of reproductive isolation between two
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species are unknown, the extent to which individuals prefer conspecific mates over
heterospecific ones must be examined.
The development of positive assortadve mating through selection against hybrids
(reinforcement of isolating mechanisms) has been a controversial topic over recent years
(Loftus-Hills and Littlejohn, 1992; Howard, 1993; Doherty and Howard, 1996). One
major question is whether ethological barriers can become complete as a result of
selection against hybrids. If hybrids are inferior, initially there will be strong selection
for individuals to select conspecific mates. However, as assortadve mating increases,
hybridizadon decreases, thereby lessening the influence of hybridization by making it so
infrequent that selection will not act Reinforcement was previously believed to be a
relatively rare occurrence. However, recent evidence from field experiments suggest it
is a more widespread phenomenon (Howard, 1993; Fitzsimons, 1976). I have no
evidence from my previous studies (Chapter Three) that suggests hybrids between Eolivaceus and E. euryzonus have reduced fertility, or are less likely to survive.
However, the lowered fertilization success of eggs produced from E. euryzonus females
and E. olivaceus males, and the lowered hatching success of eggs from the same
combination, may represent a form of post-mating isolation between the two species. If
this is also the case under natural conditions, one could expect selective pressure for Eeuryzonus females to develop a preference for E- euryzonus males over E- olivaceus
males. Mismating by females would be much more costly than mismating by males
since males of neither species expend large amounts o f energy on elaborate courtship
displays or defending nest sites.
Here I report an experiment in which E- olivaceus and E- euryzonus females
were given the opportunity to mate with either a conspecific or heterospecific to test the
null hypothesis of no differences in the likelihood that females will mate with males of
either species. Unlike other studies, in which only the behavior o f the female was
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observed while she was exposed to different choices, I allowed each female to freely
associate with only one male (either heterospecific or conspecific) for one hour. I chose
this method of scoring choice primarily because both E- olivaceus and E- euryzonus
may roam over large distances (possibly assessing potential mates) before they actually
spawn. Females o f many other species may indicate readiness to spawn simply by
remaining near the male or by displaying some stereotypic courtship behavior. Since
searching behavior is an important precursor to spawning in E- olivaceus and Eeuryzonus. it is nearly impossible to score whether a female chose one male over
another simply by allowing her to view two males. By allowing the actual spawning
event to determine the choice, I eliminated the ambiguity that might have resulted. I only
observed the pair for a short period to lessen the effect of a female "settling" for a mate.
Hubbs (19S5) noted that hybridization between two species is more likely to occur if
one species is largely outnumbered by the other. Previous studies (Chapter Three)
demonstrated that both species will mate with heterospecifics, but individuals were kept
in spawning tanks under forced mating conditions for extended periods of time.
M aterials and M ethods
To determine if females of both E- olivaceus and E. euryzonus preferred to
spawn with conspecific mates over heterospecific ones, I conducted a series of trials in
which individual females were given the opportunity to spawn with either a male of her
own species or a heterospecific male. Tests for mate preference were conducted in a 75
L aquarium with small pea gravel as substrate. Two yam mops were placed about 10
cm from each end of the aquarium to serve as spawning substrate. Overhanging
fluorescent lights maintained a light:dark cycle of 16:8 hr, and filtration of the
observation tank was provided by an undergravel filter. Water temperature fluctuated
between 23-25° C throughout the course of the experimental trials.
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Prior to each observation period, one female, either an E- olivaceus or Eeuryzonus. was removed from one of the holding tanks and placed into the observation
tank. A coin flip was used to select the species o f female introduced into the observation
tank for each trial. Each female was allowed to acclimate for 15 minutes prior to
observations. After the acclimation period, either a conspecific or heterospecific male
(also determined by coin-flip), was introduced into the observation tank. Because
females rarely spawn with males smaller than themselves (personal observation), I tried
to use males that were only slightly larger than the female in each trial. After a period of
five minutes, I observed the pair for one hour, and recorded whether or not they
spawned, how many times they spawned, and the time elapsed prior to the first
spawning event.
After the observation period, I removed the pair from the observation tank and
examined both yam mops for newly spawned eggs. After the eggs were removed, I
rinsed each yam mop with tap-water and allowed it to air-dry in order to remove any
chemical signals that might have been released from the spawning pair. Each yam mop
was replaced by a clean one prior to the next trial. Each female was used only once
during the study, but due to a shortage of males, some ot them were used mote than
once.
Two weeks prior to the first observations of mate preference, I tried to assess the
reproductive condition o f males and females of both species. To do this, I paired
individual females with conspecific males in tanks similar to the one described above
and observed them for fifteen minutes. Although many pairs spawned within the fifteen
minutes, I used specific behaviors (described in detail elsewhere in text) to indicate a
willingness to spawn. For males, I used head-dipping and following; for females, I
used searching to indicate reproductive readiness. Only those individuals that spawned
or displayed a willingness to spawn were used in the test of mate preference. A test of
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association using a G-test with williams correction (Sokal and Rohlf, 1981) was used to
determine if the proportion o f females that spawned with heterospecific mates was
different from the proportion that spawned with conspecific mates. Analysis of variance
was used to test for differences in the number o f spawns per hour for the two treatments
(hetero- vs. conspecific males) as well as for differences in the time elapsed before the
first spawning event
R e su lts
The proportion of E- olivaceus females that spawned with £ . olivaceus males
was not significantly different from the proportion that spawned with E- euryzonus
males (Gadj = 1.33, df = 1, p > 0.10) (Fig. 5.1). There was much variation in both the
time until the first spawn and the number of spawning events during the observation
period. Analysis of variance indicated that there were no significant differences in either
time to first spawn or the number of spawning events due to the species of the male.
In sharp contrast to the previous combination, the proportion of E. euryzonus
females that spawned with E- euryzonus males was significantly higher than the
proportion that spawned with E- olivaceus males (Gadj = 72.04, df = 1, p < 0.001)
(Fig. 5.1). For E- euryzonus females, time elapsed prior to the first spawn, and mean
number of spawning events per observation period were not compared across species of
male because only one E- euryzonus female spawned with an E- olivaceus male.
However, during the trial in which this occurred, only one spawning event was
observed, and this was just prior to the end o f the observation period. Female Eeurvzonus paired with conspecifics spawned a mean of 6.2 times during the observation
period (range = 0-22), and, although there was substantial variation in the amount of
time elapsed until the first spawning event, females typically spawned rather quickly
after the males were introduced (mean = 14.3 min, range = 2-57).
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D iscu ssio n
For £ . olivaceus females, the likelyhood o f mating with a heterospecific mate
was no lower than that of mating with a conspecific one. Thus, a difference in
reproductive behavior is probably not the primary mode by which mating between £ .
olivaceus females and £ . euryzonus males is prevented. However, £ . euryzonus
females clearly w o e more likely to spawn with conspecific mates over heterospecific
ones. Observations from the field suggest that microhabitat use is more restricted in £ .
euryzonus such that individuals are rarely collected in slow moving or still waters.
Conversely, £ . olivaceus is often collected in habitats typically occupied by £.
euryzonus (i.e., faster-moving water along steep or undercut banks). If females of the
two species segregate themselves according to current speed during spawning (as
suggested by results presented in Chapter Four), £ . euryzonus females would be more
likely to encounter heterospecific males at spawning areas. Under these circumstances,
an element of female preference for conspecific mates may play a significant role in the
development of assortative mating between the two species, especially if the post-mating
isolating mechanisms identified in Chapter Three provide enough selective pressure to
enhance the ability for £. euryzonus females to discriminate between conspecific and
heterospecific mates.
The mechanisms by which £ . euryzonus females distinguished conspecifics
from heterospecifics is not known. Since there are marked differences in pigmentation
between males of the two species, it is likely that visual recognition is a factor. The
courtship and spawning behavior in these two species is similar, and substantial
differences in specific displays or the sequence of displays were not identified.
However, Drewry (1962) identified differences in sound production characteristics
during courtship displays among five species of Fundulus. Although sound production
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has not been examined in £ . olivaceus or £ . euryzonus. it is possible that E- euryzonus
females used sound produced by males as a means to discriminate mates.
Asymmetry in mate preference has been documented in several species of
Drosophila (Kaneshiro, 1980; Giddings and Templeton, 1983) and in at least two fishes
(Ryan and Wagner, 1987; McPhail, 1969). Asymmetry in ethological isolating
mechanisms has been attributed to loss of genetic variability during the initial
colonization of new areas by few individuals from a much larger population. As a
result, components of the complete courtship repertoire that were present in the larger
population may be absent from the newly derived population (founder effect). If sexual
selection has acted on female preference such that the complete courtship display is
preferred, then females of the derived population will be forced to mate with formerly
less preferred males. Sexual selection may continue to affect male courtship display in
the ancestral population such that a strong preference for particular components may
develop.
The above model predicts that males from ancestral species will be equally
successful in courting and mating with females from either the ancestral or derived
species, while males from the derived species will be relatively unsuccessful at courting
and mating with females from the ancestral species. Females from the ancestral species
will mate preferentially with ancestral males, whereas females from the derived species
will mate at random or preferentially with males from the derived species.
Fundulus olivaceus and E. euryzonus are presumed to be sister species but the
relative ages of the two species are not known. The small range of E- euryzonus
suggests that perhaps it is of a more recent origin. However, if the present distribution
of E- olivaceus is reflective of its distribution when the two species differentiated, then a
sympatric speciation event would have been required. Although more evidence to
support the possibility of sympatric speciation has been brought to light in recent years
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(Gibbons, 1996), the habitat and habits of £ . olivaceus and £ . euryzonus are so similar
that the development o f assortative mating in sympatry seems unlikely. Because £ .
olivaceus females do not appear to discriminate between conspecific and heterospecific
mates, and there are no populations o f £. euryzonus that are allopatric to £ . olivaceus. it
is impossible to test the idea of reinforcement o f isolating mechanisms in these two
species. I believe that more information must be gathered on the frequency of mismatings and the production of hybrids in nature to understand more completely the basis
for the asymmetrical nature of the ethological isolating mechanisms observed in this
study.
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CHAPTER 6
SUMMARY AND CONCLUSIONS
Because of the importance of reproductive isolation to speciation events, the
degree of hybridization between closely related species has been the focus o f many
studies. In North America, the genus Fundulus contains approximately 35 species,
which occur in a variety of habitats. Reproductive isolation between many of the closely
related species is maintained by geographic separation or substantial differences in
ecological characteristics. However, £ . olivaceus and £ . eurvzonus are sister species
that commonly occur syntopically in the Tangipahoa and Amite River drainages of
Louisiana and Mississippi Although they occupy similar habitats and their spawning
seasons overlap extensively, no natural hybrids between the two have been documented.
My study was undertaken to determine the specific mechanisms by which the two
species remain reproductively isolated from one another.
The courtship and spawning behavior of £ . olivaceus and £ . eurvzonus are quite
similar, and males and females o f both species cross-mated under forced mating
conditions. Although the fertilization success and hatching success of eggs were lower
in crosses between £. euryzonus females and £ . olivaceus males, hatchlings from all
parental combinations grew at similar rates. Hybrids from both heterospecific
combinations were fertile, and F2 hybrid hatchlings also grew at rates similar to rates of
non-hybrid hatchlings. In the laboratory, £ . eurvzonus pairs spawned at sites with
higher current speeds than £ . olivaceus pairs. In mate preference tests, the proportion
of £. olivaceus females that spawned with £ . olivaceus males was not different from the
proportion that spawned with £ . euryzonus males. Fundulus eurvzonus females,
however, were much more likely to spawn with conspecific mates.
Reproductive isolation between £ . olivaceus and £ . euryzonus is probably
maintained in nature by a combination of behavioral and ecological factors. My study
78
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demonstrated clearly that E- euryzonus females spawn more readily with conspecific
males than with heterospecific males. It is likely, then, that if E. euryzonus females
come into contact more frequently with E- euryzonus males, a significant degree of
isolation between the two species could occur. Species differences in spawning-site
selection probably further enhance assortative mating between the two species. Since Eeuryzonus females prefer to place their eggs in faster-moving water than do E- olivaceus
females, the potential for isolation exists. However, because neither of these factors
include the behavior of the males, each factor by itself cannot entirely explain how the
two species remain reproductively isolated from one another. Because E- olivaceus
females were shown to be substantially less selective, hybrids could still be produced
from matings between E. olivaceus females and E- euryzonus males. Additionally, even
if females of the two species prefer to place their eggs in different microhabitats, there is
nothing to prevent males of the two species from courting and attempting to spawn with
any female that comes within a certain distance.
Although mate choice and spawning-site selection cannot fully explain how E.
olivaceus and E- euryzonus remain reproductively isolated, when these two factors are
combined with small-scale distributional patterns of the two species, a significant barrier
to hybridization becomes apparent. I have previously demonstrated significant
differences in the micro habitat use between E- olivaceus and E- euryzonus (Blanchard,
1996). In spite of these differences, there is substantial overlap in microhabitat use
between the two. I believe most of the observed overlap, however, is due to a broader
use of habitat by E. olivaceus. Fundulus olivaceus is typically found in slow-moving or
still-water areas. However, occasionally E- olivaceus is collected in other types of
habitat, including faster, deeper water where E. euryzonus is also found. Conversely,
E. euryzonus is rarely, if ever, collected from backwater pools where there is little or no
current If there is a strong tendency for E. olivaceus females to spawn their eggs
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among emergent vegetation in these slow-water environments, then the chance o f
encountering an E- euryzonus male while searching for a suitable spawning site is
virtually eliminated. Since F. olivaceus is known to occur in typical F. euryzonus
habitat, E- euryzonus females could potentially be courted by E- olivaceus males.
However, if E- euryzonus females prefer to spawn with conspecifics in areas where
they are likely to encounter them frequently, mismating between the two will again be
prevented.
I believe that mating between E- euryzonus males and E- olivaceus females is
largely inhibited by habitat segregation during actual spawning events. Fundulus
euryzonus males do not inhabit the still-water microhabitats where E- olivaceus females
are likely place their eggs. Mismating between E- euryzonus females and E- olivaceus
males, on the other hand, likely is hindered by active selection by E. euryzonus females
for conspecific mates over heterospecific ones. Although female E. euryzonus spawned
with male E- olivaceus in the laboratory under forced mating situations, these
experiments were conducted over relatively long time-frames (24 hours). The
experiments on mate preference, however, demonstrated that over shorter time periods
(one hour), E- euryzonus females were much less likely to spawn with E- olivaceus
males. Hubbs (1955) pointed out that hybridization between species is more likely to
occur when one species is greatly outnumbered by the other. This occurs, presumably,
because of the difficulty encountered by individuals of the rare species, in finding an
appropriate mate or discriminating species. Specific criteria normally needed to elicit
mating behavior may be altered by the limited availability o f conspecific mates.
Although precise information on the small-scale movement patterns o f E.
olivaceus and E- euryzonus is lacking, most o f my collections during this, and previous
studies, have indicated that in habitats where E- euryzonus is found, it is rarely
outnumbered by E- olivaceus. It seems likely that E- euryzonus females that are ready
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to spawn will encounter a conspecific mate in a reasonable amount of time. The design
o f my experiment on mate preference, however, did not allow me to determine the effect
o f males of one species on males of the other during courting. It is possible that £ .
olivaceus males are more aggressive than £ . euryzonus males. If this is true, then Eolivaceus males may ultimately obtain matings with E- euryzonus females despite the
tendency for females to spawn with conspecifics. I cannot rule out the possibility that
male aggressiveness has an influence on mate selection, but in instances where both
species were housed together in the laboratory, dominance appeared to be determined
predominately by size rather than species.
Differences between E- olivaceus and E- euryzonus in breadth of microhabitat
use may also be a contributing factor to the asymmetry in mate preference by females of
the two species. I have demonstrated that eggs released during matings between Eeuryzonus females and E- olivaceus males were fertilized less efficiently than eggs from
matings between conspecific pairs. Additionally, the hatching success of fertilized eggs
from E- eurvzonus females and E- olivaceus males was significantly lower than hatching
success o f eggs from the other three combinations of parental types. Because of the
occurrence of E- olivaceus males in typical E- euryzonus habitat, E- euryzonus females
are likely to be subjected to the courtship displays of heterospecifics in areas where they
usually spawn. If fertilization efficiency and hatching success are substantially lower in
heterospecific matings, then there would be selective pressure on females to select
conspecific mates.
Fundulus euryzonus females presumably release a relatively small number of
large eggs over the course o f the reproductive season. The advantages of spawning
large eggs include increased yolk supply to the developing offspring, more time for
embryos to develop feeding structures, and larger size at hatching (which eliminates
smaller size classes of potential predators). However, since the eggs are so large, any
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female that spawns with a heterospecific, and releases an egg that does not get fertilized
or does not hatch, will waste a significant proportion of her overall reproductive output.
Additionally, although I was unable to document any reduction in the fitness of hybrids
under the benign conditions of the laboratory, selection against hybrids under natural
conditions may also be an important source o f selective pressure for E- euryzonus
females to be more selective when selecting mates. Since there are morphometric
differences between £. olivaceus and £. euryzonus (Petifils, 1986), hybrids between the
two may be intermediate in shape. If the two species are adapted to different
microhabitats (Le., slow water vs. fast water), then intermediately-shaped hybrid
individuals may be competitively inferior in either habitat
The lack of preference for conspecific mates in E- olivaceus females may be a
result of limited exposure to E- euryzonus males in spawning areas. If the spawning
habits of E. olivaceus females in the laboratory reflect their spawning habits in the field,
it is likely that spawning occurs in still-water environments such as backwater pools.
Fundulus euryzonus does not normally occur in such areas, so E- olivaceus females
searching for appropriate spawning sites will not likely encounter courting E. euryzonus
males. Even if hybrids between the two are maladapted, there would be no strong
selection for E- olivaceus females to be discriminating since actual matings between Eolivaceus females and E- euryzonus males would be extremely rare.
The asymmetry I observed in mate preference also may be a reflection of the
differences in size of geographic range of the two species. Because E- euryzonus is
distributed only in the Tangipahoa and Amite River drainages, and is always sympatric
with E- olivaceus. any strong selective pressure on females to become discriminating
(i.e., hybrid inferiority) could easily affect populations throughout the entire range of the
species. However, E- olivaceus has a relatively extensive geographic distribution with
many populations allopatric to E- euryzonus. If gene flow among populations of E.
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olivaceus is substantial, then the evolution o f selectivity in females of sympatric
populations may be hindered by the influx of non-selective genes from adjacent
populations. Data on the degree of assortative mating in £ . olivaceus and E- euryzonus
where they occur syntopically are lacking. I believe addressing this issue will help
answer questions concerning the possible causes of the observed asymmetry in mate
preference.
Hybridization between E. olivaceus and E. euryzonus in nature apparently is
infrequent Differences in spawning site, preference for conspecific mates in Eeuryzonus females, and micro-distributional patterns o f individuals in areas where the
two species co-occur, are likely barriers to retrogression between them. Laboratoryproduced hybrids between the two are fertile and do not show any reduction in growth
rates for the first 45 days of life. However, to date, there have been no studies
investigating the possibility that hybrids are produced in nature but fail to survive until
maturity. Given the close phylogenetic relationship between E. olivaceus and E.
euryzonus and their similarities in physical characteristics, it seems likely that if the two
species were cross-mating extensively, at least some o f the hybrids would survive to
adulthood.
Although E- euryzonus is relatively abundant throughout its range, its restricted
distribution makes it vulnerable to rapid declines in numbers. Its preferred habitat of
flowing water with abundant submerged and emergent debris, and a thick canopy can be
severely altered by logging activities and channelization o f streams. Fundulus
olivaceus. however, seems to be more tolerant o f disturbed habitats. It is often found in
open water pits created by gravel operations and in backwater pools that result from
bridge construction. If introgression of genetic material between these two species is
inhibited by differences in spawning habitat, mate preference, and the differential
distribution of individuals across microhabitats, then the elimination of habitat diversity
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due to dewatering, channelization, or damming, may have deleterious effects on the
cohesion of one or both species.
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